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PUBLICATION DISSERTATION OPTION 
This dissertation is organized into four main sections. Section 1 (pages 1 to 17) 
introduces the two main research projects undertaken and states the hypotheses and 
objectives. Section 2 (pages 18 to 35) describes the sites, materials used and the 
experimental methodology that has been employed in all the projects. Paper I (pages 36 
to 112) covering the first research project, focuses on the investigations on mineralization 
of carbonates influenced by sulfate-reducing bacteria, and its implications for subsurface 
carbon dioxide sequestration. Paper I is written in the form of a manuscript to be 
submitted to Geochimica et Cosmochimica Acta journal. Paper II (pages 113 to 180) 
describes the second research project, involving characterization of water and 
microbialites from Storr’s Lake, and is written in the form of a manuscript for submission 
to the Geobiology Journal. Section 3 (page 181) includes the general conclusions that 
were obtained from the overall research projects.  Appendices A through E have been 






 Several bacterial species influence carbonate mineral precipitation by modifying 
pH, alkalinity, Ca
2+
 activity and by providing nucleation sites for mineralization. Two 
studies have been undertaken to explore microbial influence in the mineralization of 
carbonates. In the first study, the ability of sulfate-reducing bacteria (SRB) to induce 
carbonate mineralization was investigated as a means to enhance mineral sequestration of 
CO2. Sulfate-reducing bacteria enriched from hypersaline Storr’s Lake, The Bahamas; 
Lake Estancia, New Mexico; and Great Salt Plains Lake, Oklahoma, were tested in 
reactors under varying CO2 concentrations. Carbonate mineral precipitation was achieved 
only in reactors with Lake Estancia SRB community and under a pCO2 of < 20 psi. 
Hydrogen, lactate and formate served as electron donors for SRB. Carbon isotopic studies 
confirmed that carbon in the carbonate minerals was derived from electron donors, CO2 
or bicarbonate ions in the solution. Sulfate-reducing bacteria’s ability to induce immobile 
carbonate mineralization can be potentially applied to enhance long-term storage of CO2. 
 Secondly, microbially lithified, organo-sedimentary structures called microbialites 
in the hypersaline Storr’s Lake were investigated to determine the influence of biotic and 
abiotic components of the lake on the microbialite formation. The lake water revealed 
fluctuations in several parameters depending upon rainfall and evaporation. Aragonite 
and Mg-calcite constituted the carbonate mineralogy of the five microbialites 
morphologic types examined. Microbial diversity studies by 16S rRNA gene analysis 
revealed high population percentages of anaerobic phototrophs, halo-respirers and 
sulfate-reducing bacteria and low population of cyanobacteria (3%). The fluctuating 
water characteristics, varied mineralogy and the low apparent abundance of 
cyanobacteria, makes Storr’s Lake, a distinct environment to study microbial interaction 
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 1. INTRODUCTION 
 
1.1. GEOLOGICAL CARBON SEQUESTRATION  
The beginning of the industrial revolution around the mid-1800s saw a sharp rise 
in atmospheric CO2 concentrations, due primarily to human influence.  This continued 
rise has likely affected natural climatic patterns (Raynaud et al., 1993; Post et al., 2004). 
Although controversies exist about the sole effect of CO2 on global climatic change (Cess 
1976; Kump et al., 2000), many industries and government sectors have undertaken 
efforts to reduce their carbon footprints. A variety of options have been considered to 
minimize the amount of CO2 released in to the atmosphere, and to capture and sequester 
the gas by a combination of geochemical, physical, and biological processes (Schlesinger, 
1999; Metz et al., 2005; Jun et al., 2013). Geological carbon sequestration (GCS), in 
particular, has received considerable attention due to efficacy of the overlying rocks to 
trap and store the gas (Jun et al., 2013). Globally, scientists and researchers globally are 
investigating ways by which the subsurface could be used to trap and permanently store 
CO2 gas (Dupraz et al., 2009a; Dupraz et al., 2009b).  Mineral sequestration, the process 
of converting the gaseous CO2 to solid material, such as calcium carbonates, could 
enhance the long-term storage capacity of the CO2 reservoir (Goldberg et al., 2001). 
High-pressure CO2 reacts with subsurface rocks and can form carbonate minerals in-situ. 
During injection, CO2 reacts with subsurface brines, making them acidic. This causes 
dissolution of some of the primary rock phases. Carbonate cements dissolve initially 





and subsequent precipitation of carbonate or clay minerals (Gauss, 2005; Benson and 
Cole, 2008).  
Many natural processes have been shown to consume atmospheric CO2 directly. 
Microorganisms, especially algae and bacteria, have played a major role in the global 
cycling of carbon and other elements in the past and they continue to do so today 
(Fenchel and Blackburn, 1979; Arrigo, 2004; Foster and Mobberley, 2010). Several 
modern, microbe-dominated environments offer an excellent analogue of the climatic and 
environmental conditions of the past (Riding, 2000; Noffke, 2008). Seawater, saline lakes 
and soils, and other geological formations provide well-documented evidence of the role 
of microorganisms in forming carbonate deposits (Hammes and Verstrate, 2002). With 
respect to carbon cycling, the metabolic activities of many microorganisms alter the 
surrounding physicochemical conditions, fixing CO2 either as organic material or 
indirectly leading to carbonate mineral precipitation. The processes occurring in 
microbial mats, such as in modern microbialites, for example, have been suggested as a 
possible mechanism that can be applied to sequester CO2 (Foster and Mobberley, 2010).  
Accelerating the carbonate mineral sequestration process in the subsurface can be 
achieved through the use of microorganisms. The primary mechanism that 
microorganisms use to fix atmospheric CO2 requires light (photosynthesis), and hence 
other options involving aphotic microbial activities are to be considered for application in 
subsurface environments. Enclosed caves, hydrothermal, subaqueous vents and even 
subsurface aquifers are examples of environments hosting microorganisms, whose 
activity induces carbonate mineralization (Cacchio et al., 2003; Nercessian et al., 2005; 





conditions, such as those found in marine and hypersaline lakes have also been shown to 
bio-mineralize carbonates (Reid et al., 2000; Dupraz et al, 2013). An understanding of the 
biogeochemical role of these microorganisms therefore, is a necessary prerequisite for the 
adaptation of this natural phenomenon as a mechanism to sequester CO2, especially in 
aphotic subsurface environments. It is essential to investigate possible processes that 
could be employed or activated to enhance calcium carbonate precipitation in subsurface 
conditions. 
 
1.2. MICROBIAL ROLE IN CARBONATE MINERAL PRECIPITATION 
The application of microorganisms to consume gaseous CO2 and precipitate 
carbonate minerals has been the subject of several investigations (Whiffin et al., 2007; 
Dupraz et al., 2009a; Dupraz et al., 2009b; Mitchell et al., 2009; De Muynck et al., 2010). 
Subsurface environments, such as near- surface and deep aquifers, oil and gas reservoirs 
and deep coal beds have especially received considerable attention for this application 
(Dupraz et al., 2009a; Dupraz et al., 2009b; Mitchell et al., 2009). Subsurface 
environments harbor indigenous bacteria that are capable of interacting with injected CO2 
(Pedersen, 2000). Although photosynthesis by cyanobacteria is a primary method of 
fixing gaseous CO2 under surface conditions, there are several other naturally occurring 
microbial activities that do not require light (Merz; 1992; Riding, 2000; Dupraz and 
Visscher, 2005).  
Dupraz et al. (2009b) demonstrated the potential of using a known calcite-
precipitating bacterial strain to sequester CO2 in subsurface-like conditions. Ureolytic 





carbonate precipitation. Ureolytic bacteria hydrolyze urea, increasing pH, leading to the 
precipitation of carbonate minerals. Sporosarcina pasteurii, an extensively studied 
microorganism for its ability to induce carbonate mineralization, has been used in 
underground studies. The rate of carbonate precipitation increased with increasing 
salinity, whereas temperature (30 to 38 °C) had no significant effect. Ureolytic bacteria 
were also tested at various CO2 headspace pressures for their ability to precipitate 
carbonate minerals (Mitchell et al., 2010).  These bacteria were successfully able to 
produce calcium carbonate under 20 psi headspace CO2 pressure in batch reactors. The 
kinetics of CO2 introduction and related carbonate mineral precipitation in the case of 
ureolytic bacteria has been determined by Dupraz et al., (2009a). The ureolytic activity 
initially led to a drastic increase in the pH. Subsequent introduction of CO2 caused the pH 
to plateau reaching a dynamic equilibrium between the CO2 phase transfer (liquid/gas) 
and the ureolysis process. However, as the calcite precipitation proceeded, it led to a 
decrease in the pH, followed by a slow pH increase. The latter pH increase was 
dependent on the viable microorganisms that were present.  
The metal-reducing bacterium Shewanella oneidensis MR-1, when exposed to 
150 psi CO2 pressure had a complete arrest in its metabolic function accompanied by cell 
lysis. However, when the CO2 induced stress was removed, the surviving bacteria were 
able to completely recover within 24 hours (Wu et al., 2010). The inhibition of bacterial 
activity due to the large pCO2 is an important factor when considering sequestration of 
the gas in the subsurface, especially if its activity can promote mineral sequestration of 
the gas or produce biofilm that could aid in sealing of the reservoir. Understanding the 





subsurface. A biofilm synthesized from Shewanella frigidimarina was able to help the 
bacteria to resist pressures of up to 8.7 MPa (~1,290 psi) CO2 (Mitchell et al., 2009). No 
carbonate mineral precipitation was observed in both these tests, but the biofilm 
formation decreased the permeability of the sandstone material tested by at least 95%.  
Another group of microorganisms that is associated with carbonate mineral 
precipitation, but not extensively investigated in terms of its effects of CO2 sequestration 
are the sulfate-reducing bacteria (SRB). These bacterial and archaeal members are often 
an important component of microbial mats (Visscher et al., 2000; Muyzer and Stams, 
2008). They are mostly anaerobes, but studies have shown the growth and survival of a 
number of SRB species under aerobic conditions as well (Widdel, 1988; Canfield and 
Des Marais, 1991; Baumgartner et al., 2006). They play a vital role in sulfur and carbon 
cycling (Visscher and van Gemerden, 1993). A study by Canfield and DesMarais (1993) 
suggested that SRB may have been responsible for as much as 80% of carbon oxidation 
in marine sediments, while 50% of the organic matter in microbial mats was theoretically 
oxidized by SRB (Thode-Andersen and Jørgensen, 1989; Visscher et al., 1998). Van Lith 
et al., (2000) described a modern hypersaline lagoon, Lagoa Vermella in Brazil, where 
microbially-mediated dolomite formed due to SRB activity. This SRB metabolism altered 
or controlled environmental conditions and simultaneously provided nucleation sites for 
dolomite precipitation. Those authors further suggested that SRB has contributed 
significantly to carbonate mineral sedimentation throughout Earth’s history. Sulfate-
reducing bacteria affect pH and alkalinity, by consuming sulfate and producing sulfide 
(Castanier et al., 1999; Baumgartner et al., 2006). In several microbial mats, SRB work in 





precipitation of carbonate minerals (Dupraz and Visscher, 2005). As the SRB decompose 
the organic matter produced by the photosynthetic cyanobacteria, the resulting activity 
increases carbonate alkalinity, eventually leading to carbonate mineral precipitation 
(equation 1). This increase in alkalinity overcomes the decrease in pH caused by the 
initial consumption of hydroxyl (OH
-




+ 2[CH2O] + OH
- 
+ Ca
2+ CaCO3 + CO2 + 2H2O + HS
-………………… (1) 
 
Under suitable conditions, for every sulfate and every two organic carbon molecules 
consumed, one molecular unit of a calcium carbonate solid can precipitate. Since the 
organic electron donor is generalized in the above reaction, the units of calcium carbonate 
that are precipitated would vary with the type of organic material consumed. In other 
words, the alkalinity and/or pH increase favoring carbonate mineral precipitation induced 
by SRB activity is influenced by the type of electron donor being utilized. For example, 
hydrogen and formate lead to an increase in pH, whereas lactate leads to a decrease in the 
pH (Gallagher et al., 2012). Though stoichiometric calculations and modeling indicate 
that lactate causes a decrease in pH, the simultaneous increase in the dissolved inorganic 
carbon induced by the sulfate-reduction process favors carbonate mineral precipitation 
(Dupraz and Visscher, 2005; Gallagher et al., 2012). In a closed system, where complete 
oxidation of the organic material can be achieved, the CO2 released from the process 
(shown in equation 1) could be later precipitated as carbonate minerals through microbial 
activity (explained below). Incomplete oxidation leads to formation of intermediate 





complete oxidation of the organic material (e.g., lactate) takes place, the process produces 
three times as much of CaCO3 than an incomplete oxidation reaction. Furthermore, the 
Gibbs free energy (ΔG) change obtained during the oxidation of the various electron 
donors vary during sulfate reduction (Liamleam and Annachhatre, 2007). For example, 
lactate has a ΔG value of -159.6 kJ, while that for acetate is -47.3 kJ, indicating that the 
former is a more thermodynamically favorable energy source during sulfate-reduction. 
Determining affordable electron donors that SRB can be efficiently used in the 
subsurface and induce mineral precipitation is therefore an important aspect of a 
bacterially influenced GCS process. 
Under atmospheric conditions, the initial sulfate reduction process is accompanied 
by a rapid organic matter oxidation. This process would initially cause dissolution of the 
carbonate mineral and at a later stage (approximately 35% sulfate reduction), lead to 
precipitation of ions back as carbonate minerals (Morse and Mackenzie, 1990; Gallagher 
et al., 2012). Sulfate-reducing bacteria have been shown to mineralize carbonates in both 
defined and undefined media (Warthmann et al., 2000; Van Lith et al., 2002). In 
microbial mats, where a whole consortium of metabolically diverse microorganisms is 
found, nighttime sulfate reduction has been shown to cause net calcium carbonate 
precipitation (Visscher et al., 1998). A combination of light and oxygen availability 
during day and night causes a shift in the activity of the microbial population within the 
microbial mats. Sulfate-reducing bacteria have been shown to be active throughout the 
diel cycle, but the activity of aerobic heterotrophs associated with calcium carbonate 
dissolution are limited during night, causing the SRB activity to induce net calcium 





hypersaline microbial mats and modern marine stromatolites, sulfate reduction rates are 
generally high in locations close to the photosynthetic cyanobacteria. Furthermore, most 
occurrence of any carbonate mineral precipitation in these mats has been strongly 
associated to sulfate reduction activity (Visscher et al., 1991; Visscher et al., 1998; 
Visscher et al., 2000).  
The CO2 release shown in equation 1 occurs during complete oxidation of the 
organic material. If this released gas is consumed elsewhere, it could lead to a further 
increase in the pH. The CO2 released would form carbonic acid (H2CO3) in the water, but 
with the proposed increase in the pH due to sulfate reduction activity by using favorable 





) ions, in turn increasing the alkalinity. Equations 2 to 6 represent the 
general carbonate chemistry from the CO2 species as a gas to a solid calcium carbonate 
mineral precipitated under alkaline conditions.  
CO2(g)   CO2(aq)  …….………………………………………………………....(2) 
CO2(aq)  + H2O  H2CO3…………….……………………………………….....(3) 
H2CO3+OH
-
   HCO3
-












  CaCO3(s) ………………………….…………………………....(6) 
The response of SRB to elevated CO2 conditions has been studied earlier with a 
thermophilic SRB community (Ménez et al., 2007). Carbonate mineralization at 20% 





that study along with complete consumption of sulfate. Other CO2 concentrations tested 
(1% and 10%) did not favor carbonate mineral precipitation. The highest pH increase was 
observed in the experiments that were exposed to 20% CO2. A slowdown in the growth 
of the bacteria was also observed in those experiments as the percentage of CO2 
increased. Thermodynamic and microbiological investigations from a demonstration 
sequestration site in Germany indicated that sulfate-reduction and methanogenesis were 
two major processes that occur after CO2 injection and are also more favorable given the 
energy availability in the system (West et al., 2011; Morozova et al., 2010; Palumbo-Roe 
and West, 2013).  
It would be essential, in the context of carbon sequestration, to determine if an 
increase in CO2 would influence precipitation, inhibit the activity of the bacteria tested, 
or if the system would remain unaffected. Sulfate-reducing bacteria are also of particular 
interest because coal power plants produce SOX gases, such as SO2, in addition to CO2. 
Removal of these gases is expensive but SRB could be used to consume SO2 directly or 
in the more favorable oxidized forms (sulfates), thus saving an additional step and related 
costs in the sequestration process (Dasu et al., 1989). Sulfur dioxide readily oxidizes to 
SO4
2-
 (sulfate ion) that could be freely available in solution or precipitated in a mineral 
form, such as gypsum (CaSO4.2H2O). Sulfate-reducing bacteria can make use of this 
sulfate, while simultaneously oxidizing any organic material present. The targets for CO2 
injection as required by the US EPA Class VI injection well criteria are required by law 
to be associated with aquifers that are not underground sources of drinking water (contain 
≥10,000 mg/l total dissolved solids; US-EPA, 2013), and hence any bacteria studied for 





are also hypersaline environments; therefore, the metabolic processes of the 
microorganisms they host could be adapted for application in subsurface CO2 
sequestration, removing a potential inhibitor. Hypersaline lakes are known to host a 
whole association of different microbial activity and are ideal environments to cultivate 
SRB adapted to the salty conditions (Ollivier et al., 1994; Foti et al., 2007). Sulfate-
reducing bacteria have several advantages, as mentioned earlier that make them a very 
effective microbial population to enhance mineral sequestration of the CO2 gas. Apart 
from CO2 sequestration, the use of these bacteria to precipitate calcium carbonate can 
find applications in bioclogging (Ivanov and Chu, 2008), and bioremediation (Fujita et 
al., 2010). 
 
1.3. MICROBIALITES AND CARBONATE MINERALIZATION 
Modern microbialites are lithified structures formed by trapping, binding or 
precipitation of minerals, mostly carbonates (Reid et al., 2000; Dupraz and Visscher, 
2005; Spadafora et al., 2010). The general term microbialite, includes two commonly 
observed morphological types: a) layered ‘stromatolite’, and b) clotted and massive type, 
‘thrombolite’. Other less frequently identified types of microbialites include the 
branching ‘dendrolites’ and aphanitic (extremely fine-grained) ‘leiolites’ (Riding, 2011). 
Macrofossils of stromatolites have been dated to > 3 billion years ago, indicating that 
they were some of the earliest living organisms on the planet (Grotzinger and Knoll, 
1999). Although microbialites are presently limited to few shallow ocean water and 
hypersaline lakes, due to extensive grazing by organisms, such as protists, these 





Precambrian (Golubic, 1982; Hofmann et al., 1999; Awramik, 1992; Riding, 2000). 
Hence studying these structures would help us to better understand past environmental 
conditions.  For example, microbialites were experimentally tested with varying sulfate 
and oxygen levels, and based on the organization of the microbial population resulting 
from this exposure, it was predicted that methanogenesis was a major activity in the past 
but is very limited in the present (Bebout et al., 2004; Foster and Mobberley, 2010). An 
example of a modern, methane-based ecosystem is found in Black Sea sediments, where 
methane-derived carbonate minerals form by the activity of colonies of SRB and 
methanogenic archaea (Reitner et al., 2005; Bailey et al., 2009). 
Microbial mats are considered to be the creators of microbialite structures and 
include a diverse microbial community. The microbial mat is a dynamic system, 
characterized by a variety of microbes and therefore, varied metabolic activity, resulting 
in the cycling of elements within these different groups and the surrounding environment 
(Van Gemerden, 1993; Noffke, 2008). Mineral precipitation and lithification in the 
microbial mats and microbialites occur by a complex biogeochemical mechanism as a 
direct result or as a by-product of the microbial activity, often in combination with abiotic 
processes, such as evaporation and dilution events (Reid et al., 2000; Glunk et al., 2011). 
In the microbial mats found on the top surface of microbialites, microorganisms promote 
calcium carbonate precipitation by increasing pH, alkalinity and/or calcium activity, and 
by providing sites for the nucleation and trapping of ions through the complex 
extracellular polymeric substances (EPS) produced by the bacteria (Dupraz and Visscher, 
2005; Braissant et al., 2007). The Saturation Index [SI = log (ion activity product/Ksp)], 





the surrounding water and the pore water is another crucial factor influencing 
precipitation. The increase in pH and alkalinity increases the availability of the carbonate 
ion (CO3
2-
) species, in turn increasing the saturation index, leading to calcium carbonate 
precipitation. The hydroxyl or carboxyl groups present in the EPS strongly bind the 
calcium or magnesium ions, thus inhibiting calcium carbonate mineral formation (Hartley 
et al., 1996). Degradation of EPS material by a combination of microbial and 
physicochemical reaction releases the bound cations, increasing IAP and further favoring 
carbonate mineral precipitation.  
Cyanobacteria have been suggested to be the primary producers in these 
microbialites, fixing atmospheric CO2 as organic carbon (Merz, 1992; Riding, 2000). 
Later, this stored carbon is transferred within the several groups of microorganisms, such 
as chemolithotrophs (e.g., sulfide oxidizing bacteria), fermenters and SRB, resulting in 
the precipitation of calcium carbonate (Dupraz and Visscher, 2005). Among the 
microorganisms in a typical microbial mat on microbialites, the activity of cyanobacteria, 
anoxygenic phototrophs and sulfate-reducing bacteria play crucial roles in precipitating 
carbonate minerals. On the other hand, the activity of sulfide oxidizers and certain 
heterotrophic organisms may cause the dissolution of carbonate minerals. Net 
precipitation commonly occurs when the balance between the metabolic activities of the 
bacterial groups responsible for mineralization exceeds those for dissolution (Visscher 
and Stolz, 2005). The balance between photosynthesis (P) and respiration (R) was also 
suggested as a possible factor that could affect mineral kinetics in a mat; if P>R, then 
precipitation occurs, but if R>P, then dissolution would take place (Pinckney and Reid, 





influenced by the environmental conditions and the microbial population (Dupraz and 
Visscher, 2005).  
Storr’s Lake is one of the hypersaline lakes that was investigated in this study and 
is known for harboring modern, lithified microbialites. The lake, located on the eastern 
portion of Sal Salvador Island, The Bahamas, formed during late Holocene sea level rise 
when a depression on the east side of the island was flooded and later evaporitic 
conditions caused the lake to become seasonally hypersaline (Neumann et al., 1989; 
Zabielski, 1991). The fairly shallow lake, with maximum depths of < 2 m, is slightly 
alkaline and extremely turbid. The salinity of the lake water generally fluctuates 
depending on evaporation rates and the frequency of rain.  Four distinct microbialite 
morphologies in Storr’s Lake have been previously identified in discreet zones within the 
lake (Mann and Nelson, 1989; Neumann et al., 1989). From the shore in to the lake, these 
four microbialite include: (i) clotted thrombolitic pie mounds, (ii) calcareous knobs 
(bulbous crust of Neumann et al., 1989), (iii) flat-topped plateau laminated stromatolites, 
and (iv) columnar pinnacle mounds (i.e., club-shaped). The turbidity in the lake is caused 
by floating planktonic material and benthic components that become suspended along 
with gases released from microbial metabolism (Neumann et al., 1989, Mann and Nelson, 
1989). The turbidity in the lake limits light penetration into deeper waters. This could 
potentially inhibit the photosynthetic population, such as cyanobacteria, in the microbial 
mats located at those depths. Consequently, the carbonate mineralization associated with 
cyanobacterial activity might not be a dominant process in these systems. In the absence 
or lack of significant cyanobacterial population in the microbial mat occupying the 





role in the calcium carbonate precipitation process. The complex interplay of water 
characteristics, light availability and the microbial population, and possibly on the 
carbonate mineral precipitation process in Storr’s Lake microbialites, is one aspect 
explored in this study.  
The objectives of this dissertation can be broadly divided into two main 
categories: (i) to study carbonate mineral precipitation mechanism in the laboratory for 
GCS applications and, (ii) to explore the process of carbonate biomineralization 
occurring in a natural environment. Firstly, a laboratory-scale investigation of the 
carbonate mineral precipitation ability of SRB exposed to atmospheric and elevated CO2 
levels is presented. Sulfate-reducing bacteria communities enriched from three 
hypersaline lakes: (i) Lake Estancia, New Mexico, (ii) Great Salt Plains Lake, Oklahoma, 
and (iii) Storr’s Lake, The Bahamas, were investigated for potential use in subsurface 
CO2 sequestration, as a means to accelerating long-term mineral sequestration and 
possibly enhance reservoir sealing. Identifying and cultivating microorganisms that can 
augment the biomineralization of carbonates are therefore of prime interest in this 
investigation. Another aspect of the first study is to investigate how these 
microorganisms respond when exposed to high CO2 levels. This knowledge would help 
to determine the feasibility of applying such a process in a GCS system. Furthermore, the 
introduction of high-pressure CO2 would most probably have a negative effect on the 
indigenous subsurface microorganisms (Werner and Hotchkiss, 2006). Thus, 
investigating their surface-counterparts would provide a good understanding of the 
processes that could occur in the subsurface. Secondly, a field and laboratory-based 





water along with the distribution and mineralogy of the lithified microbialites harbored in 
this lake were explored. Furthermore, the diversity in the bacterial populations found on 
the microbial mats on the top surfaces of these microbialites is also described. Results 
obtained from water characterization, microbialite mineralogy and microbial diversity are 
used to interpret possible carbonate mineralization mechanisms occurring in these 
microbialites. 
 
1.4. HYPOTHESES AND OBJECTIVES 
Hypothesis 1 
Sulfate-reducing bacteria can induce carbonate mineral precipitation by their 
metabolic activity, under elevated CO2 concentrations. This biomineralization ability of 
SRB could be used as a proxy to study the bacterial mechanism in the subsurface for 
GCS applications. Sulfate-reducing bacteria activity can accelerate the net conversion of 
CO2 to solid carbonate minerals, thereby ensuring the long-term immobilization of the 
injected CO2 gas as a solid mineral phase. 
Objective 1 
1. To collect sediments from three hypersaline lakes: Lake Estancia, Great Salt Plains 
Lake and Storr’s Lake, and use the sediments to obtain a culture that is dominantly 
represented by SRB by using a selective enrichment medium. 
2. To analyze the microbial composition of the sediments and the SRB enrichments by 
molecular techniques and use the results to examine the diversity within the samples and 





3. To determine the ability of the sulfate-reducers enriched from these environments by 
using batch and continuous reactors to induce conditions favorable for carbonate mineral 
precipitation under variable CO2 concentrations.  
4. To determine suitable electron donors for SRB activity in order to examine the 
effectiveness of each of the donors on the sulfate reduction and carbonate mineralization 
processes. 
5. To examine the transfer of carbon through the bacterial system to solid mineral phases 
by using stable carbon isotopic analysis. 
Hypothesis 2 
Storr’s Lake’s turbid and hypersaline environment would restrict phototrophic 
cyanobacteria, considered to be the primary producers and contributing to carbonate 
mineral formation in microbial mats present in the microbialites. In the actively forming 
microbialites, sulfate-reducing bacteria might be playing an important role in carbonate 
mineral precipitation. The fluctuating water conditions, both on a seasonal basis and 
longer-term changes associated with glacio-eustatic sea level changes may affect the 
microbial composition and thus potentially could influence the mineralogy and 
distribution of the microbialites. 
Objective 2 
1.  To explore the turbid and hypersaline waters of Storr’s Lake and characterize the lake 
water to monitor: a) the fluctuations in the water chemistry, b) sunlight penetration at 






2.  To identify and examine previously described and any unidentified microbialites, and 
to compare and contrast the mineralogy, morphology and distribution of these 
microbialites. 
3.  To analyze the microbial mat composition in several of the mat types by using 
molecular techniques in order to evaluate the population diversity between various mats, 
and explore possible links between the microbial communities and carbonate mineral 





2. EXPERIMENTAL METHODS 
 
The experimental methods section provides a detailed account of the different 
materials and procedures that were applied in the projects discussed in this dissertation. 
Note: Many of the material described here are also reported in the methodology segments 
in Papers I and II. Following are the major technical aspects covered in this section: 
-a description of three sites that are the main focus of this dissertation 
-methods used in collecting various solid (sediments, microbial mats) and liquid samples 
-in-situ and laboratory analyses of the collected solid and liquid samples 
-microbial diversity investigation by using molecular biology tools 
-reactor set-up for carbonate mineral precipitation studies and associated analyses 
 
2.1. STUDY SITES 
Three sites were investigated for their water conditions, mineralogy of sediments 
and microbial diversity.  
(i) Great Salt Plains Lake (GSP) in Oklahoma is a hypersaline, evaporite 
setting with locally elevated quantities of organic material and a high sulfur 
content.  
(ii) Lake Estancia (LE), New Mexico is a closed-drainage, hypersaline, playa 





(iii) Storr’s Lake (SL), located on the eastern portion of Sal Salvador Island, 
The Bahamas, is a hypersaline lake that is fairly shallow, with maximum 
depths of < 2 m, is slightly alkaline and extremely turbid.  
Detailed description of Great Salt Plains Lake (GSP) and Lake Estancia (LE), 
including the water, sediments and microbial mat collection is provided in Paper I. 
Storr’s Lake environment and sample collection are discussed in detail in Paper II.  
 
2.2. WATER ANALYSIS FROM DIFFERENT LAKES 
2.2.1.  In-Situ Water Analysis. Water samples were analyzed on site for pH 
(Accumet AP115 portable pH meter, Fisher, Pittsburgh, PA, USA), conductivity and 
temperature (WTW Cond 333i, Weilheim, Germany) in LE, GSP and SL waters. Storr’s 
Lake water was additionally analyzed for redox potential (Eh), alkalinity, Ca-Mg 
hardness, turbidity (HACH 2100P Turbidimeter, Loveland, CO, USA), light intensity 
(described below), and dissolved oxygen (Accumet AP64; Fisher Scientific, Houston, TX, 
USA). The dissolved oxygen probe had an instrumental error during 2012 and 2013. 
Alkalinity and Ca-Mg hardness were measured by colorimetric titration by using 
respective HACH test kits (Loveland, CO, USA), immediately after returning the samples 
to shore or in the laboratory at GRC. Water samples for alkalinity tests were filled up 
completely to the brim in a 1L Nalgene bottle, capped tightly and shielded from sunlight 
to prevent heating. Measurements of alkalinity were performed anywhere within an hour 
(on shore) to 6 hours (at GRC) after sample collection. Samples were diluted 1:20 or 





Accuracy and precision was calculated for all analysis that allowed calibration of 
the instruments, by using the measurements from known standards.  Accuracy was 
calculated by using the following formulae: 
Average % Accuracy = ± [(KSV-Average value)/(Average value)*100] 
Maximum Error % = ± [(KSV-MDV)/(KSV)*100]  
where, KSV- Known Standard Value; MDV-Maximum Deviated Value   
Precision was calculated in terms of percentage relative standard deviation (% RSD): 
(% RSD) = (Std. Dev./Average)*100 
 
Analysis of standards before, during and after measurements indicated an 
accuracy of better than ± 0.05 pH units for the 7.0 pH standard (i.e., ± 0.2 %), and a 
precision better than 99.8 %. An average error percentage of ± 8.2 % and ± 3.2 % was 
calculated for the conductivity probe when checked with 1,008 and 100.8 mS/cm 
standards, with precisions better than 95.5 % and 92.1 %, respectively (Appendix A).  
Turbidity-light penetration depths were qualitatively evaluated during the 2012 
and 2013 SL sampling trips by using an underwater video camera and quantitatively 
measured using a Secchi Disk, a Hach NTU light scattering device, and light intensity 
loggers from HOBO (Cape Cod, MA, USA).  Standards for turbidity measurements 
indicated an average error percentage of ± 6.8 % and a precision better than 92.2 %. The 
waterproof HOBO light meters were placed at several locations at the bottom of the lake, 
and the data was recorded by using the HOBOware program. The HOBO probes were 





sediment of SL adjacent to the microbialites. The probes were also attached to a floating 
fishing bobber to allow the units to be relocated and recovered.  
  2.2.2. Water Analysis in the Laboratory. The water samples from the three 
lakes were transported to Missouri S&T for elemental analysis. In the case of SL, water 
collected at multiple depths and locations over the three years (April 2011, June 2012 and 
June 2013) were analyzed, whereas in the case of LE and GSP (May 2010), the water 
analyzed was collected from only a single location in both these lakes. Water samples 
collected for this purpose were filtered on-site through 0.45 µm cellulose acetate filters.  
Major element cations (Ca, Mg, Si, K, Na, Fe, Mn and Al) in the collected water samples 
were analyzed by using a Perkin-Elmer Optima 2000 DV inductively coupled plasma-
optical emission spectroscopy (ICP-OES). Boron, sulfur, strontium and lithium 
concentrations were measured only for the 2011 SL water samples. The filtered water 
samples were acidified with high-purity nitric acid. 
 Commercially traceable standard solutions (starting concentration of 1,000 ppm) 
of the different cations were prepared at 100, 10, 1 and 0.1 ppm, with 1% HNO3 in high-
purity deionized water as the diluting agent. The standards were used for calibration and 
for quality control checks during each run. The filtered water samples were also diluted 
(1:100, 1:150 or 1:160) to accommodate for the instrumental detection range that is 
between 0.1 and 100 ppm. Using the standard checks, the overall average accuracy 
observed with the ICP-OES analysis was within ± 5.0 % error range for 1.0 ppm, and ± 
6.0 % for 10 ppm standards; except for sulfur, which had a large error percentage ± 45 % 
for 1 ppm and ± 36 % for 10 ppm. The 0.1 ppm standards had a higher error percentage 





within ± 10.0 to ± 16.0 % for Si, Fe, Ca, Mg, K, Li and Na, ± 9.0 % for Sr, and < ± 4.0 % 
for Al and Mn. Cations, including Si, Fe, Sr and Ca had maximum error percentages 
between ± 10.0 and ± 13.0 %, while Mg, K, Li, B and Na had ± 6.0 to ± 8.0%, with the 
10 ppm standard. Accuracy was also measured by using a spiked sample, where a known 
concentration of the standard was added to the sample. The resultant solution contained 
the spiked concentration in addition to its actual concentration, the difference of which 
was calculated after analysis, and the accuracy was measured. While accuracy in most 
elements measured by using the spike analysis were within ± 10 %, other elements in a 
few samples showed drastically high error percentage, as high as ± 440 % for Na, ± 110 
% for Mg, ± 76 % for Ca during different experimental runs. These high error 
percentages probably occurred due to manual faults while preparing the spiked samples. 
The values obtained through the standard checks described earlier are therefore used as a 
more reliable indicator of the instrumental accuracy. Precision values, reported as relative 
standard deviation (RSD) obtained between duplicate of measurements of randomly 
chosen samples, were generally better than 87%. These values ranged from < 3.0 % for 
most elements, while Na, Si and Al in certain samples had a % RSD of < 10.0 %. 
Precision values measured by known standards indicated that the values for most 
elements were generally > 91.4% precise, except for sulfur (% RSD = 19.5%) and boron 
(% RSD = 11.0 %).  
Anions (sulfate and chloride) were analyzed only for the SL 2012 water samples 
by using a Dionex DX-120 Ion Chromatography (IC) Unit at VHG Labs (Manchester, 
NH). Samples for anion analysis were also filtered on site by using disposable 0.45 µm 





were not acidified, however. 100 mL of 1:100 diluted samples (diluted with 0.45 µm 
filtered, deionized water) were sent to the laboratory for analysis. The maximum error 
percentage reported by VHG Labs for anion analysis was ± 7.0 %. 
 
2.3. SATURATION INDEX BY USING PHREEQ PROGRAM 
 PHREEQ software program was used to calculate saturation index values in SL 
water (Saini-Eidukat and Yahin, 1999). Values obtained from the various water 
measurements were used as input data for the program. The output from PHREEQ 
program gives the saturation index (SI) of various minerals based on the water chemistry 
and temperature. As discussed in the introduction section, the SI is calculated as the log 
ratio of the ion activity product to the solubility constant of the respective mineral. 
 
2.4. MINERALOGY, ELEMENTAL ANALYSIS AND MICROSCOPY OF THE 
SEDIMENTS/MICROBIALITES 
 
2.4.1. X-Ray Diffraction (XRD) Analysis. The sediments collected from LE and 
GSP were analyzed for their mineral constituency by using XRD analysis. The sediments 
were ground to a fine powder with a mortar and pestle, rinsed three times with deionized 





 two-theta using a PANalytical X'Pert Pro Multi-Purpose X-
Ray Diffractometer (PANalytical, Netherlands) using a CuKα radiation source at a scan 





The solid microbialite mounds collected from SL were also analyzed for their 
mineralogy by using XRD technique. Two sets of analyses of microbialite mineralogy 
were performed: 
(i) The first set included homogenized microbialites collected from ~1 cm3 
partitioned replicate sections from random positions within each of the four microbialite 
heads including the walls, nodes and highly compacted bottom layer.  These sections 
were used to provide an overall average composite sample for each microbialite.  
(ii) The microbialites that possessed prominent peaks for both Mg-calcite and 
aragonite were vertically characterized by using a second set of XRD analysis to 
determine variations in the mineralogy. Samples were carefully partitioned from ~2 cm
3
 
regions at different vertical positions (Fig. 6, Paper I). All samples were hand crushed to 
a powdery consistency by using an agate mortar and pestle, rinsed three times with 
deionized water to remove soluble salts and low density organic particles, and then dried 
in the oven at 105°C overnight.  The powdered and dried samples were then analyzed for 
their mineralogy. The software program used in the operation of the instrument allowed 
for a semi-quantitative comparison of the relative percentages among the minerals 
identified. The software automatically calculated the area of the peaks observed for the 
different minerals and correlated the area to the relative percentage.  
2.4.2. Elemental Analysis of the Microbialite Samples. In order to confirm the 
mineralogy of the two microbialites samples and to get a more precise understanding of 
the ratio of the minerals, an elemental analysis on the digested samples was performed by 
using ICP-OES. Only the second set of analyses that were performed with the pinnacle 





sample, 0.25g, was rinsed with deionized water, dried in the oven overnight at 55°C and 
digested with 10mL of 5% HNO3, and the major cations in the digested solutions were 
analyzed by using an ICP-OES system. The instrument was calibrated with 0.1, 1, 10 and 
100 ppm standards of the major ions. Ca, Mg, and Sr concentrations in the solutions were 
analyzed using the instrument. The accuracy and precision of the analysis with respect to 
these standards is discussed earlier for all elements. Duplicate or triplicate runs of random 
samples were not analyzed and hence the precision with respect to the samples is not 
described.  
2.4.3. Optical and Scanning Electron Microscopic (SEM) Analysis. An optical 
microscope (Nikon Eclipse 50i POL) capable of magnification of up to a 1000X, fitted 
with a Nikon DS-Fi1 camera and operated by using a NIS-Elements D 3.2 image 
software was used to visualize SL water samples. The hypersaline water was centrifuged 
at 2,000 rpm and the residue was rinsed with deionized water with a centrifugation step 
each time to dilute the salt content. After the final rinse, a drop of the solution was placed 
on a clean microscope slide, a cover slip added on to the top of the solution, and the 
microorganisms were viewed under the microscope (images and description shown in 
Appendix B). 
Solid microbialite samples were also imaged for their morphology and texture by 
using a Hitachi S4700 Field Emission Scanning Electron Microscopy (FESEM) or Helios 
Nanolab 600 Focused Ion Beam (FIB). The energy dispersive spectral (EDS) tool 
available in these instruments were applied to provide a semi-quantitative analysis of the 
percentage elemental composition of the various phases analyzed. Samples were prepared 





portion of the material on top of clean copper tape pasted on an aluminum stub. The 
material was then coated with Au/Pd for one to two minutes and the samples were 
analyzed for their crystal morphology, chemical composition and mineral association.  
Hydrated biogenic material, like bacteria, is normally unstable and will disintegrate under 
the high vacuum conditions in the SEM, and hence biological samples have to be pre-
treated for stabilization. The preparation step began with initially storing the collected 
samples in 3% glutaraldehyde, a primary fixing agent. The samples in the glutaraldehyde 
solution were then added to a 0.45 μm cellulose filter and allowed to dry at room 
temperature. The sediments were further treated with a graded ethanol series (30%, 40%, 
50%, 70%, 80%, 90%, 100% [twice]); each treatment lasted for 5 minutes. The samples 
were then rinsed with de-ionized water. Following this step, the samples were subjected 
to critical point drying by soaking them twice (5 minutes each time) with 
hexamethyldisiloxane. The dried samples were then sputter coated with Au/Pd and 
imaged with the SEM (Appendix B). 
 
2.5. MICROBIAL ENRICHMENT CULTURES  
Sediment samples from LE and GSP, and microbial mat samples from SL were 
cultured in a sulfate-reducing enrichment media from the procedure of Kjeldsen et al. 
(2007), to enrich for bacteria capable of performing sulfate reduction (See Appendix C 
for media preparation technique, and media composition). All five of the different 
microbial mat samples collected from SL was also used to enrich for SRBs. The final pH 






2.6. DNA EXTRACTION AND 16S rRNA GENE ANALYSIS 
To determine the microbial community composition of the microbialites in SL, 
LE and GSP, a barcoded 16S rRNA gene analysis was performed. Genomic DNA 
(UltraClean™ Soil DNA Isolation Kit, MoBio Laboratories, Carlsbad, CA, USA) was 
extracted in triplicate from four microbial mats associated with the calcareous knobs, 
plateau-mushroom, cauliflower-top mushroom and pinnacle mound microbialites, as well 
as a fifth sample representing the cheesecake microbial mat. Genomic DNA from GSP 
and LE sediments were isolated in triplicates. The sediments were aseptically portioned 
from the top few layers of the core collected from both these environments. DNA was 
also extracted from enrichment cultures (triplicates) obtained from LE sediments that 
were sub-cultured for at least over six generations. Great Salt Plains Lake enrichment 
samples were not subjected to DNA analysis because of the limitations in the number of 
samples that could be analyzed by using the pyrosequencing process explained below. 
The DNA samples obtained from the triplicate extractions from each sample were 
combined together separately according to the sample type. A total of eight DNA samples 
were then subjected to analysis by sequencing (five microbial mats from SL, two 
sediments each from LE and GSP, and one SRB enrichment sample developed from LE). 
The extracted DNA, from the different sources, was shipped to MoGene, LC (St. Louis, 
MO, USA) for further analysis. Other descriptions regarding primers sequences, PCR 
conditions and post-sequencing analysis are provided in methodology portion of Paper I 
and II. The primers incorporated the Titanium Lib-A adaptor sequences and barcode 





The PCR mixture included 1X Master mix (MOLZYM Mastermix 16S Basic, 
Molzym, Bremen, Germany), 0.2 µM each of the MID forward and reverse primers, 0.51 
U Taq DNA polymerase (MolTaq, Molzym), 30 ng of the template DNA, and DNA-free 
water for a final volume of 25 µL. Conditions for PCR were 96°C for 5 min, 25 cycles of 
95°C for 10 sec, 56°C for 30 sec and 72°C for 30 sec, followed by a single cycle of 72°C 
for 5 min. The amplicons were then purified with a 1.8% agarose gel purification run 
(QIAquick Gel Extraction kit, Qiagen, Chatsworth, CA). The purified amplicons were 
examined with an Agilent Bioanalyzer DNA 7500 (Agilent, Santa Clara, CA) to 
determine concentration and assess the size of the products. The amplicon libraries were 
normalized, pooled and then pyrosequenced with Titanium chemistry (454 GS-FLX, 
Roche, Branford, CT, USA). 
 
2.7. REACTOR TESTING 
To test sulfate-reducing bacterial community enriched from the study sites, for 
their carbonate mineral precipitation ability under varying CO2 levels, small-scale 
reactors were employed. Two types of reactors were basically used for this purpose and 
are described below.  
2.7.1. Continuous Reactors. A continuous reactor method was used for testing the 
carbonate mineral precipitation ability of SRB community at 400 and 1200 ppm CO2 
concentrations.  Sterilized Nalgene bottles, 150 ml, were used for this purpose. The bottles 
contained either acid-treated quartz sand or carbonate mudrock (crushed into particles <1 mm in 
diameter) as a substrate material. The substrate material was topped with artificial seawater, 
prepared as described by Kester et al. (1979). The composition of the artificial seawater is given 





medium to the base material, SRB enrichment cultures were added at 10% total volume.  Sterile 
lactate was added to achieve a concentration of 20 mM as the carbon source.  Control reactors 
with quartz sand and seawater, but without bacterial inoculum were also tested. The reactor 
bottles were placed in aquarium-size tanks, 40 cm x 15 cm x 12 cm that were sealed and supplied 
with a constant atmosphere of flowing CO2 at a concentration of either 400 ppm or 1200 ppm.  
All experiments at 1,200 ppm were conducted in triplicate under ambient room temperature 
conditions at ~22°C, while the 400 ppm reactors were run as a single set. Solution pH and redox 
potential (Eh) were measured at regular intervals in the overlying water.  Water samples were 
collected periodically to measure the calcium and magnesium concentration by using ICP-OES.  
2.7.2. Batch Reactors. Batch reactors were set up in 20 mL serum bottles to test 
for SRB activity under higher CO2 concentrations than the continuous reactors. Only the 
LE enrichment cultures were tested for this purpose. Two CO2 headspace pressure 
conditions in the serum bottle reactors were tested: (i) 14.7 psi, and (ii) ~20 psi.  All 
serum bottle reactors were run in triplicate and contained either quartz sand or crushed 
carbonate mudrock as a solid substrate.  Select electron donors; hydrogen, formate, 
lactate and acetate, were also added to the batch reactors under the 1,500 ppm CO2 
headspace concentration, to determine the potential effect of these different electron 
donor materials on carbonate mineralization.  To determine electron donor utilization, 
only quartz sand was used as substrate. Artificial seawater used for batch reactors was 
made anaerobic by boiling and then cooling the medium under a stream of nitrogen gas.  
The medium was distributed into the serum bottle reactors inside an anaerobic glove bag.  
The serum bottles in the batch reactors were sealed with rubber stoppers and crimped into 
place with aluminum seals.  After sealing, the bottles were sterilized in an autoclave at 





added to a final concentration of 20 mM. Reactors supplemented with hydrogen gas were 
injected with a 10% H2: 90% N2 gas mixture through a sterile syringe needle. Hydrogen 
gas was added along with CO2 so that constant headspace pressure was maintained and 
desired amounts of all the gases were achieved.  
Three types of control reactors were run in triplicates at 1,500 ppm CO2: (i) 
reactors with no bacterial culture or electron donor (control), (ii) a blank reactor 
containing only the synthetic seawater (blank), and (iii) a reactor with all components 
added including the bacterial inoculum, but sterilized (killed control) - to determine if the 
presence of non-viable cells would influence the process. Similar to the continuous 
reactors, pH, Eh, calcium and magnesium concentration were measured, but only at days 
1 and 10. Additionally, sulfide concentrations in the overlying seawater medium during 
both these days were measured. 
The pH probe, sulfide analysis and ICP-OES were regularly checked using 
standards for accuracy and precision calculation for both types of reactors. The error 
range was within ± 0.3 units for the pH 7.0 standard, and < ± 7.7 % for sulfide analysis 
tested with 0.78 mM, 3.13 mM and 12.5 mM standards prepared with sodium sulfide 
(Na2S) (Appendix C). Average accuracies for the ICP-OES data for Ca and Mg had an 
error percentage less than ± 4.9 % and ± 6.2 % for 1.0 ppm standards, and ± 1.4 % and ± 
2.2 % for 10 ppm standards, respectively. The maximum error percentage for these 
elements in both 1.0 and 10 ppm was between ± 12.0 % and ± 16.0 %. Duplicate analysis 
of randomly chosen samples revealed an error percentage of < ± 3.2 % for the two 





The bottom sediments from quartz sand reactors at different CO2 levels and those 
supplied with different electron donors were tested for the production of carbonate 
minerals by a simple HCl reaction and later by visual characterization using SEM. 
Detailed procedure for visually analyzing carbonate minerals are provided in Paper I. 
 
2.8. CARBON ISOTOPE ANALYSIS 
 From equation 1 (Section I), the source of carbon in the carbonate minerals in 
SRB metabolism is from the organic carbon on the left side of the equation. The purpose 
of the stable isotope analysis is to evaluate the transfer of carbon in our reactor 
experiments. Tracking the source of carbon for the carbonate minerals is important 
because if the carbon is only derived from the organic material, then no net precipitation 
of the CO2 gas phase will occur. Such a situation is not ideal as no mineral sequestration 
is achieved by using SRB, rendering the system unsuitable for application in subsurface 
CO2 sequestration. By positively identifying the carbon source as being the CO2 gas 
phase and by quantifying the amount of the labelled 
13
CO2 present in the carbonate 
minerals, we can estimate the extent of mineral sequestration accomplished through the 
activity of SRB.  
 A parallel set of reactors similar to the batch reactors were run in triplicate, except 
that in the place of regular CO2 that would have contained predominantly 
12
C, a labelled 
13
CO2 gas source was injected. The normal isotopic CO2 source was commercially 
available food-grade CO2. The labelled 
13
CO2 gas (Sigma-Aldrich, St.Louis, MO) used 
for the isotope experiments described here contained 99.9% 
13
CO2. The labeled 
13
CO2 gas 





exchanges. Lactate, formate, hydrogen and acetate were used as electron donors with 
only quartz sand as the substrate. The synthetic seawater used for batch reactors was 
made anaerobic and CO2 free as described previously, and distributing the solution into 
the serum bottle reactors inside an anaerobic glove bag. Any  minerals that were 
produced in these reactors at the end of the reaction period (10 days) were isolated along 
with the quartz sand substrate. Both NaHCO3, another possible carbonate source that was 
used to prepare  the artificial seawater media, and carbonate mudrock, used as a substrate 
in the earlier experiments and derived from crushed carbonate material, were also 
analyzed to obtain their δ13C values.  Sodium acetate and sodium formate, two of the 
electron donors tested in the reactors were also analyzed for their δ13C isotopic signature. 
Sodium lactate was available only as a liquid form and hence was not analyzed. 
 All sediments were rinsed thrice with deionized water, flushed with air for five 
minutes, and then analyzed for their δ13C values. The carbonate minerals produced were 
carefully portioned off from the quartz sand substrate while viewing under an optical 
microscope. In certain instances, small amount of quartz sand was included, especially 
when the carbonate material appeared to be coating the quartz grains.  In samples that had 
no visible carbonate mineral precipitation (determined either through the addition of a 
10% HCl treatment or microscopic observation), the quartz sand base was directly 
analyzed. The weight (in mg) of each sample was noted before analysis (Appendix E). 
The samples for use in elemental analyzer were weighed in a small capsule made of 
aluminum foil. The capsule with the weighed sample was then compressed into smaller 
cubes by using a pair of tweezers to remove any external air that could have been trapped 





 Stable isotope data were measured by two methods, 1) by using either a Thermo 
FinneganTM Delta Plus mass spectrometer operated in dual inlet mode with an on-line 
automated carbonate reaction Kiel III device, or 2) with a Thermo FinneganTM Delta 
Plus XL operated in continuous flow mode with an online automated Carlo-Erba 1500 
elemental analyzer. The Kiel device follows a standard phosphoric acid digestion 
procedure, where the carbonate material was digested with the acid and the evolved CO2 
gas was measured (Swart et al., 1991; Hoefs, 2009). With the elemental analyzer, the 
material was combusted under oxygen and high temperature, and the evolved CO2 gas 
was measured. Both equipment measured CO2 gas (masses 44, 45, 46) liberated from the 








CO2 ratios were 




















O values and used these 
measurements to correct for the 
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CO2 ratio to calculate the δ
 13
C 
value against the Vienna PeeDee Belemnite (VPDB) value through equation 1.     
The δ13C values were calculated according to the formula given below: 
 




C VPDB standard)   x 1,000 …………………….(7) 




C VPDB standard)                          1 
 
It is important to note that the 
13
CO2 values (used to calculate δ
13
C) determined by the 
elemental analyzer combustion method measured the ‘total carbon’, as opposed to the 





released from phosphoric acid treatment).  The elemental analyzer was better at analyzing 
higher concentrations of the heavier isotope than the Kiel device, as the latter did not 
perform well when the 
13
C levels were high. Since the carbon isotopic composition in the 
carbonate minerals was the major focus of this experiment, it was important to verify that 
both instruments analyzed CO2 evolved from the same material, i.e., carbonate minerals. 
Although samples were rinsed with deionized water thrice prior to analysis to remove 
most low-density organics and bacterial material, further examination was required to 
verify the material being analyzed. To achieve this goal, three samples with large values 
of 
13
C were analyzed with both instruments. Each device quantified the isotopic values 
from the voltage generated from the evolved gas, and it was possible to manually correct 





C obtained from the Kiel to that of the elemental analyzer. Comparing 
the values obtained from both instruments, a maximum variation of ±10% was observed. 
This comparison indicates that the majority of 
13
C analyzed was indeed from the 
carbonate minerals, and any influence from other carbon sources (remnant organic 
material or bacteria) was not large enough to substantially affect the 
13
C values any more 
than the random precision associated with each instrument as discussed below. 
 Data obtained from the isotope analyses were reported relative to the VPDB 
standard. Data are expressed as per mil deviations on the VPDB.  Replicate 
measurements of National Bureau of Standards-19 (NBS-19) and acetanilide for each 
approach yielded an external (instrumental) precision < 0.1‰ for δ13C, but this value is 
only appropriate for samples where the relative abundance of 
13
C is comparable to that of 









VPDB. Because the precipitated CaCO3 in the isotopically labeled CO2 experiments 
typically had 
13
C abundances of ~50%, precision can be better estimated by comparison 
among analyses from replicate samples. Coefficients of variation from measurements of 
replicate samples ran on consecutive days or on the same day were better than 12%, and 
generally better than 5% (i.e., ± 3,000 to 7,000 ‰) for samples with measured δ13C 
values of ~ +26,000 to 60,000 ‰.  
The method employed to calculate percentage 
13
C from the CaCO3 was used by 
Mitchell et al. (2010), and the finalized solution is shown in equation 2. In natural 
systems, it is common for carbonates to have ~ 1.11 atomic % 
13
C (Hoefs, 2009). Any 




 decimal places (< 10 per 
mil). A carbonate mineral having a 
13C value of 1000 ‰ would be 100% enriched over 
the natural abundance of 
13
C, or would have twice the natural abundance. It could then be 
said that a + 1000 ‰ carbonate has about 2.2 atom % 13C, and by extension, a + 2000 ‰ 
sample has about 3.3 atom % 
13C, a + 9000 ‰ sample has about 11.0 atom % 13C, and so 
on. Simplifying this concept, we arrive at the following equation to calculate atomic % 
13
C in precipitated CaCO3: 






I. IMPACT OF ELEVATED CO2 CONCENTRATIONS ON THE CARBONATE 
MINERAL PRECIPITATION ABILITY OF SULFATE-REDUCING BACTERIA 
AND ITS IMPLICATION FOR CO2 SEQUESTRATION 
 
Note: Material referred to appendices in the following section of the dissertation would 
be included as ‘Supplementary Information’ in the actual manuscript. 
 
ABSTRACT 
The recent interest in anthropogenic CO2 release and associated global climatic 
change has initiated several laboratory-scale researches and commercial practices focused 
on capturing, sequestering or utilizing the CO2 gas in the subsurface. Known carbonate 
mineral precipitating microorganisms, such as the anaerobic sulfate-reducing bacteria 
(SRB), could enhance the conversion of the gas into solid minerals and thereby enhance 
the long-term capture and storage of the gas. The ability of SRB to induce carbonate 
mineral precipitation, when exposed to atmospheric and elevated CO2 concentrations was 
investigated at room temperature. Sulfate-reducing bacteria were enriched from organic-
rich sediments collected from two hypersaline lakes: Lake Estancia, New Mexico; and 
Great Salt Plains Lake, Oklahoma. The enriched SRB culture was inoculated in batch and 
continuous reactors under varying headspace pCO2 (0.0059 psi to 20 psi). Solution pH, 
redox conditions, sulfide and calcium concentrations were favorably modified overtime 





Lake Estancia showed carbonate mineral precipitation. Reactors exposed to 20 psi pCO2 
did not reveal any carbonate mineralization, likely due to the inhibition of bacterial 
metabolism by the acidic conditions. Hydrogen, lactate and formate served as suitable 
electron donors for the SRB metabolism and related carbonate mineralization. Carbon 
isotopic studies confirmed that the source of carbon in the precipitated carbonate minerals 
was derived from the CO2 headspace, the organic electron donors, and the bicarbonate 
ions available in the liquid medium. The ability of SRB to produce immobile carbonate 
minerals can be potentially applied to enhance the long-term storage of the gas during 








 The greenhouse effect of CO2 gas is a well-known phenomenon and the recent 
increase in the atmospheric CO2 level, due primarily to burning of fossil fuels can affect 
global climate (Socolow et al., 2004).  Recently, it was reported that the atmospheric CO2 
levels crossed the 400 ppm (pCO2 of 0.0059 psi) mark, leading to increased urgency to 
reduce the anthropogenic carbon footprint (Monastersky, 2013). Geological carbon 
sequestration (GCS), which involves injection of CO2 gas in the subsurface, has been 
investigated and practiced as a potential means of curbing the concentration of the gas in 
the atmosphere (Dupraz et al., 2009). It is predicted that up to 60% of point source CO2 
released could be sequestered in the subsurface by using GCS (Jun et al., 2013). 
However, a potential problem associated with underground carbon sequestration is the 
leakage of CO2 due to the high pressures created in the subsurface. Leakage is possible 
through pores and fractures in the cap rock (White et al., 2003). An ideal combination of 
trap and storage rock units is essential to contain the gas in the subsurface (Benson and 
Cole, 2008). It would be beneficial if the CO2 could be converted to a solid phase 
(mineral sequestration), such as carbonate minerals, thereby providing a more permanent 
and stable form of storing the gas. Several investigations have shown that the interaction 
of CO2 with the rocks in the subsurface could lead to precipitation of minerals, such as 
siderite (FeCO3), calcite or aragonite (CaCO3), or others carbonate mineral phases (Metz 
et al., 2005; Oelkers et al., 2008; Jun et al., 2013). 
A natural way of sequestering CO2 as minerals and accelerating the kinetics of 





soils, and other geological formations provide well-documented evidence of the presence 
of microorganisms and their role in carbonate mineralization (Hammes and Verstraete, 
2002).  Subsurface environments harbor indigenous bacteria capable of interacting with 
injected CO2 (Pedersen, 2000). For GCS purposes, however, the microbes should be able 
to survive the extreme subsurface conditions in addition to the acidic toxicity induced by 
the large amount of CO2 injected. Dupraz et al. (2009a) analyzed the potential of a known 
calcite precipitating bacterial strain, Sporosarcina pasteurii, to biomineralize CO2 in 
subsurface-like conditions. The results indicated that the strain was capable of 
precipitating calcium carbonate under those conditions. The production of biofilm by this 
and similar bacterial strains is one of the key mechanisms that aid the microorganisms in 
withstanding the stress due to CO2 (Mitchell et al., 2008). Mitchell et al. (2009) 
demonstrated in a simulation study that the biofilm produced by urease-reducing bacteria 
could prevent the leakage of CO2 in a reservoir by reducing the porosity and permeability 
of the overlying rock units. Bacteria, such as Shewanella oneidensis strain MR-1, 
Geobacillus stearothermophilus, and  the methanogenic archaeon Methanothermobacter 
thermoautitrophicus tested under high CO2 pressures showed that the Geobacillus sp. 
was most tolerant to the CO2 induced toxicity, while the presence of minerals like quartz 
sandstone enhanced the survivability of the bacteria, especially the Shewanella sp. 
(Santillan et al., 2013). The carbonate mineral precipitating ability of bacteria could also 
be applied in enhanced co-precipitation of radionuclide and other toxic metals in the 
subsurface (Fujita et al., 2008).  
Sulfate-reducing bacteria (SRB) are commonly found in anaerobic to partially 





carbon and sulfur in marine and hypersaline environments (Canfield and Des Marais, 
1993). Carbonate mineral precipitation can be induced by SRB activity as the 
microorganisms favorably modify pH, alkalinity and/or calcium activity, while reducing 
sulfate to sulfide (Castanier et al., 1999; Baumgartner et al., 2006; Deng et al., 2010). 
Additionally, reduction of sulfate would potentially release calcium ions bound in 
minerals like gypsum and indirectly promote calcium carbonate precipitation (Kah et al., 
2001). In many modern marine environments, carbonate mineral precipitation has been 
closely associated with bacterial sulfate reduction (Allison and Briggs, 1991; Van Lith et 
al., 2000). Strains of SRB have also been shown to cause dolomite (CaMg(CO3)2) and 
high-Mg calcite precipitation under laboratory conditions
 
(Warthmann et al., 2000; Van 
Lith et al., 2003; Deng et al., 2010), and also naturally in microbial mats forming 
stromatolites (Visscher et al., 1998). SRB decompose the organic matter and the resulting 
activity increases carbonate alkalinity, eventually leading to carbonate mineral 
precipitation (equation 1). This increase in alkalinity overcomes the decrease in pH 
caused by the initial consumption of hydroxyl (OH
-
) ion in the process. Under suitable 
conditions, for every sulfate and every two organic carbon molecules consumed, one 
molecular unit of a calcium carbonate solid can precipitate. Since the organic electron 
donor is generalized in the above reaction, the units of calcium carbonate that are 
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Sulfate reduction, fermentation and methanogenesis have been shown to be the most 
ubiquitous microbial metabolisms exhibited by the microbial biota in the subsurface 
(Krumholz, 2000; Amend and Teske, 2005; Menez et al., 2007). Sulfate reducers 
collected from shallow subsurface and organic-rich conditions can be studied as proxies 
for deeper subsurface microbiota to determine their ability to induce precipitation of 
carbonate minerals. Isolating pure bacterial cultures from the subsurface is difficult and 
expensive, though modern drilling techniques allow for such microbiological 
investigations of the deep subsurface (Barton and Hamilton, 2007). The response of a 
thermophilic SRB-containing bacterial population to elevated CO2 concentration has 
been investigated earlier (Menez et al., 2007). In that study, it was noted that a pH 
increase and associated carbonate mineral precipitation occurred only when the bacteria 
were subjected to a 20% CO2 atmosphere, and not at lower CO2 concentrations. However, 
whether the precipitation was due to SRB activity, inorganic processes or just the high 
levels of CO2 in the test atmosphere was not clearly substantiated. The higher CO2 
concentration also slowed down the bacterial growth. It is essential, in the context of 
sequestration, to determine if an increase in CO2 would favorably influence precipitation 
rates or inhibit the SRB activity. A study monitoring the changes in the microbial 
population before and after CO2 injection in an actual sequestration site (Ketzin, 
Germany) revealed that the number and activity of SRB increased after the injection 
(Morozova et al., 2010). Though methanogenic bacteria can compete with SRB, 
especially when using hydrogen as the electron donor, the reverse situation could occur 
when sufficient sulfate and organic material were present (Palumbo-Roe and West, 





SO2 gas in addition to CO2. Sulfate-reducing bacteria could consume the SO2 and thus 
save an additional step in the sequestration process (Dasu and Sublette, 1989). The 
objective of the current study was to investigate the carbonate mineral precipitation 
ability of a SRB-enriched community isolated from hypersaline lakes, when exposed to 
atmospheric and elevated CO2 concentrations. The potential implications of CO2 
injection on amended or indigenous SRB communities in the subsurface are discussed 







2. EXPERIMENTAL METHODOLOGY 
 
2.1. SITE DESCRIPTIONS AND SAMPLE COLLECTION 
Sediment and water samples were collected from two hypersaline lake 
environments-(i) Great Salt Plains Lake, Oklahoma and Lake Estancia, New Mexico 
(Fig. 1). Descriptions of both sites are provided below. 
2.1.1. Great Salt Plains Lake, Oklahoma. Great Salt Plains Lake (GSP) in 
Oklahoma is in a hypersaline, evaporite setting with locally elevated quantities of organic 
material and high sulfur content. Great Salt Plains Lake formed from a concrete spillway built 
across the Salt Fork of the Arkansas River. The area of the lake system that was sampled is 
composed of salty sabkha mud flat and a shallow lake that covers an area of approximately 65 sq. 
km in north-central Oklahoma (Fig. 1A; Reed, 1982). The area derives its salty flats from the 
infiltration of rainwater through gypsum-bearing strata to the west and the upward migration of 
the briny aquifer fluids to the surface along the western flank of GSP.  Gypsum crystals actively 
form at shallow depths below the surface of the sabkha sediments and a white evaporite crust 
forms on the sediment surface. 
The water level in the lake was very low during our visit, with the sediments 
containing stratified layers of moist organic-poor sand interstratified with organic-rich 
muds (Fig. 2A). Sediments and 0.45 µm filtered water samples were collected during 
May 2010. Water samples were collected at depths of ~30 cm from the surface, where the 
groundwater seeped up near to the surface, but at an elevation just above the lake level so 
that the sediments were just above the saturation zone. Two sediment profile cores were 





from the floor of the lake by using a one-meter piston core that was hammered into the 
soft sediment.  The core sediment samples were kept intact by placing them in coolers 
and transported to the laboratory for further analysis.  
2.1.2. Lake Estancia, New Mexico. Lake Estancia (LE), New Mexico is a 
closed-drainage, hypersaline, playa lake located in the Estancia Basin (Fig. 1B). The lake 
is located at an elevation of approximately 1,890 meters (6,200 feet) and has a surface 
area of 1,125 km
2
. Lake Estancia was formed during crustal extension and uplift along 
the margin of the Rio Grande Rift (Szynkiewicz et al., 2009). The lake was perennial 
during the Pleistocene, and was constantly fed by ground and surface waters.  A change 
to a warmer and drier climate eventually led to the desiccation of the lake system about 
24,000 years before present (ybp), thus leaving the large playa on the basin floor. The 
lake was subject to repeated wet and dry conditions between 24,000 and 12,000 ybp.  
More recent sand blow-out zones have locally removed loose sediments from the valley 
floor and created numerous segmented small depressions that fill with water during 
seasonal periods of rainfall.  Calcareous clays, and gypsiferous sediments are reported to 
be present on the lake sediments, and these minerals are also present in the surrounding 
Lower and Middle Permian geologic strata (Allen and Anderson, 2000; Szynkiewicz et 
al., 2009). The water level was low during the time of sample collection, with a shallow 
water film covering the central portion of the lake and salt evaporates occurring in dry 
areas. Water, sediment samples (Fig. 2B) and core materials were collected in May 2010 








Fig. 1. Google maps of hypersaline lakes: A) Great Salt Plains Lake, Alfalfa County, 
Oklahoma. SCD-South Crystal Dig, CC-Clay creek, NCD-North Crystal Dig. Samples 
for this study were collected from SCD [Image from the 2003 NAIP aerial image 
database http://www2.ocgi.okstate.edu/2003img1/]. B) Lake Estancia and Estancia Basin, 
Torrance County, New Mexico. Star indicates the location where samples were collected. 




Fig. 2. (A) Cross-cut section of sedimentary strata from Great Salt Plains Lake. The   
stratified sequence displays three well-developed organic layers (black colored) near the 
top, middle, and lower sections (the latter just above the point of the   hammer). 
Relatively coarse grained and permeable sections are represented by the lighter layers and 
the red layers are typically finer-grained and less permeable. (B) A scooped up vertical 
section of the organic- and sulfide- rich sediments of Lake Estancia. Lighter-colored 
material with occasional salt crystals is seen at the top layer and is repeated ~ 5 cm below 





The pH, temperature, alkalinity, Ca hardness, total hardness, and conductivity of 
the water samples from both GSP and LE were analyzed on site. Water samples were 
processed on site by filtering through 0.45 µm cellulose acetate filters and stored in 50 
mL sterile vials. They were subsequently analyzed for cation elemental composition by 
using inductively coupled plasma-optical emission spectroscopy (ICP-OES). A Phillips 
X-Pert system with a monochromatic Cu Kα radiation source was used for X-ray 
Diffraction (XRD) analysis of the sediments and the microbialite solids.   
 
2.2. ENRICHMENT CULTURES  
Sediment samples from LE and GSP were cultured in a medium (Kjeldsen et al. 
2007), to enrich for bacteria capable of performing sulfate reduction (See Appendix C for 
medium composition and preparation technique).  The final pH of the medium before 
addition of the sediments was 7.3. 
 
2.3. MICROBIAL DIVERSITY ANALYSIS 
Microbial diversity in the sediments from the two environments, and SRB 
enrichment developed from LE were analyzed by using a barcoded pyrosequencing 
approach. Genomic DNA (UltraClean™ Soil DNA Isolation Kit, MoBio Laboratories, 
Carlsbad, CA, USA) was isolated from the top few centimeters of the cores collected 
from the sediments of LE and GSP.  The sediments were portioned from the center of the 
cores, stored at room temperature in the dark for nine to ten months, by using sterile 
spatulas. Genomic DNA was also extracted from LE enrichment cultures; bacterial 





purpose. After genomic DNA isolation, the samples were sent to MoGene, LC (St. Louis, 
MO) for pyrosequencing. MoGene quantified the DNA by using a Quant-iT Picogreen 
dsDNA Assay kit (Invitrogen, Carlsbad, CA) and PCR-amplified using barcoded primers 
targeting the V1-V3 region of the 16S rRNA gene. The bacterial primers used were the 
27-Forward AGRGTTTGATCMTGGCTCAG (Weisburg et al., 1991) and 518-Reverse 
CGTATTACCGCGGCTGCTGG (Muyzer et al., 1993). The primers incorporated the 
Titanium Lib-A adaptor sequences and barcode sequences specific for the individual 
samples (Appendix D).  
The PCR mixture included 1X Master mix (MOLZYM Mastermix 16S Basic, 
Molzym, Bremen, Germany), 0.2 µM each of the MID forward and reverse primers, 0.51 
U Taq DNA polymerase (MolTaq, Molzym), 30 ng of the template DNA, and DNA-free 
water for a final volume of 25 µL. Conditions for PCR were 96°C for 5 min, 25 cycles of 
95°C for 10 sec, 56°C for 30 sec and 72°C for 30 sec, followed by a single cycle of 72°C 
for 5 min. The amplicons were then purified with a 1.8% agarose gel purification run 
(QIAquick Gel Extraction kit, Qiagen, Chatsworth, CA). The purified amplicons were 
examined with an Agilent Bioanalyzer DNA 7500 (Agilent, Santa Clara, CA) to 
determine concentration and assess the size of the products. The amplicon libraries were 
normalized, pooled and then pyrosequenced with Titanium chemistry (454 GS-FLX, 
Roche, Branford, CT, USA). 
The bioinformatics software program QIIME was used for processing, cluster 
analysis, and classification of the raw sequences (Caporaso et al., 2010). High quality 
reads were separated based on the multiplex identifier and analyzed for phylogenetic 





ChimerSlayer program available in QIIME was used to perform Chimera check. QIIME 
was also used to calculate the alpha diversity index parameters, such as Chao1, Shannon 
and observed species. The program randomly generated a subset of sequences (termed 
‘equalized’), and 10 iterations were run for each diversity indices. The sequences from 
LE and GSP sediments, and LE enrichments were also submitted to SRA with accession 
number SRP032938. 
 
2.4. REACTOR EXPERIMENTS  
The carbonate mineral precipitation ability of the microbial population from LE 
and GSP was tested in continuous or batch reactors with variable CO2 concentrations.  
2.4.1. Continuous Reactors. The carbonate mineral precipitation ability of the 
microbial population from LE and GSP was tested in continuous or batch reactors with 
variable CO2 concentrations. The continuous reactors were tested at 400 ppm and 1200 
ppm CO2 concentrations, for which, 150 mL sterilized Nalgene bottles were employed. 
The bottles contained either acid-treated quartz sand (St. Peter Sandstone) or carbonate 
mudrock (Atlantic crushed coral, World Wide Imports, FL) further crushed into particles 
<1 mm, as a base material that served for a three-fold purpose: (i) to provide surface area 
for the bacteria to attach, (ii) to simulate interaction with two possible types of subsurface 
rock material, and (iii) to provide a template for possible carbonate mineral precipitation. 
The quartz sand was treated with 5% HCl for two to three hours to remove any carbonate 
mineral phases. Carbonate mudrock (crushed carbonate marine aquarium gravel) tested 




 to the solution. The quartz sand grains were rounded to 





porosity and permeability. The carbonate mudrock particles had a wider size distribution 
(25 to 250 µm), but were generally finer than the quartz grains, and hence more 
compacted with less pore space. The crystal morphology of the crushed carbonate 
mudrock was a mixture of rugged, angular, rhombohedral, and sub-rounded grains. The 
base material was topped with artificial seawater, prepared as described by Kester et al. 
(1967). The composition of the artificial seawater is given in Appendix C. The final pH 
of the artificial seawater before addition of any other material was 8.0. The composition 
of seawater was slightly modified to increase the total sulfate concentration from 40 mM 
to 100 mM to provide the required sulfate for the SRB as used in the enrichment medium. 
It is important to note the sulfate added as a salt of calcium, magnesium, or sodium, 
would lead to an increase in the charge equivalent concentration of the respective cations. 
The seawater media was sterilized by autoclaving. After addition of the media to 
the base material, SRB enrichment cultures were added at 10% total volume. Filter-
sterilized lactate, 20 mM, was finally amended as the carbon source.  Control reactors 
with quartz sand, but without inoculum were also tested. The reactors were placed in 
aquarium size tanks (40 cm x 15 cm x 12 cm) that were sealed gastight and supplied with 
a constant atmosphere of flowing CO2 at a concentration of either 400 ppm or 1200 ppm 
(Fig. 3). The constant CO2 atmosphere was maintained by a CO2 monitoring and 
controlling device (PPM-3 manufactured by C.A.P., Perris, CA). Food grade CO2 
(Airgas, MO) from a pressurized gas cylinder was connected to the reactors through a 
solenoid gas pressure regulator. All experiments were conducted in triplicates under 





were measured at regular intervals in the overlying water. Water samples were collected 
periodically to measure the calcium and magnesium concentration by using the ICP-OES.  
 
 
Fig. 3.  The aquarium tanks used for the continuous reactors. The various solid and liquid 
reactor components were added in to Nalgene bottles and placed inside these plexiglass 
tanks. A CO2 concentration of 400 or 1,200 ppm was maintained. Water samples were 
collected through the various ports for analysis. 
 
2.4.2. Batch Reactors. Batch reactors were set up in 20mL serum bottles to test 
for SRB activity under higher CO2 concentrations than the continuous reactors. Only the 
LE enrichment cultures were tested for this purpose. Two CO2 headspace pressure 
conditions in the serum bottle reactors were tested: (i) 14.7 psi (~1,500 ppm CO2 in 
water), and (ii) ~20 psi (~2,000 ppm CO2 in water). It should be noted that the continuous 
reactors were tested at atmospheric pressures and hence the actual pCO2 in those reactors 
much lower than that of the batch reactors. Though the pCO2 tested here are well below 
that planned to be injected in to an actual CO2 sequestration site, these experiments 





All serum bottle reactors (20 mL) were run in triplicate, containing either quartz sand or 
crushed carbonate mudrock as substrate. In a separate batch of experiments, different 
electron donors (hydrogen, formate, lactate and acetate) were also tested in these batch 
reactors to determine the effect of the different donors on carbonate mineral precipitation. 
The electron donors also served as the carbon sources, except in the case of hydrogen, 
where the gas phase serves primarily as the electron donor and the added CO2 as the only 
potential source of the carbon requirement for the bacteria. In the reactors tested for 
optimal electron donor, only quartz sand was used as substrate. The synthetic seawater 
used for batch reactors was made anaerobic by boiling, followed by allowing the solution 
to come to room temperature under a stream of nitrogen gas, and distributing the solution 
into the serum bottle reactors inside an anaerobic glove bag that had a 90% N2 and 10% 
H2 environment. Note that the artificial seawater used in the continuous reactors 
described earlier was not made anaerobic. As the continuous reactors were run as semi-
closed experiments, it was difficult to limit oxygen intrusion. Each of the bottles were 
capped with a rubber stopper and crimped with an aluminum seal to make the reactors 
gastight. After sealing, the bottles were sterilized in an autoclave. After the reactor bottles 
cooled to room temperature, filter-sterilized, organic electron donors were added to 
achieve final concentrations of 20 mM in each. Reactors with hydrogen gas were injected 
with a 10% H2: 90% N2 gas mix, through a sterile syringe needle to a constant headspace 
pressure of ~14.7 or ~20 psi. The hydrogen gas was added along with the CO2 so that 
constant headspace pressure was maintained with equal components of all the gases. The 
headspace gas in the bottles was exchanged with two alternating cycles of vacuum and 





reactors till the respective pressures were reached. The total liquid volume after addition 
of all the components was 10 mL.  
Three types of control reactors were run with the 1,500 ppm reactors: (i) reactors 
with no bacterial culture or electron donor (control), (ii) a blank reactor containing only 
the synthetic seawater (blank), and (iii) a reactor with all components added including the 
bacterial inoculum, but sterilized (killed control) - to determine if the presence of non-
viable cells would influence the precipitation process. Care was taken to sample only the 
liquid portion by gently inverting the serum bottles and collecting the water through a 
sterilized needle. Similar to the continuous reactors, pH, Eh, calcium and magnesium 
concentrations were measured from the collected water samples, but only at days 1 and 
10. Additionally, sulfide concentrations in the overlying seawater media during both time 
intervals were measured following a colorimetric CuSO4 method (Cord-Ruwisch, 1985), 
by using a Genesys 20 spectrophotometer (Thermo Fisher Scientific, Inc., Rochester, NY, 
USA).  
The pH probe, sulfide analysis and ICP-OES were regularly checked using 
standards for accuracy and precision calculation for both types of reactors. The error 
range was within ± 0.3 units for the pH 7.0 standard, and < ± 7.7 % for sulfide analysis 
tested with 0.78 mM, 3.13 mM and 12.5 mM standards prepared with sodium sulfide 
(Na2S). Average accuracies for the ICP-OES data for Ca and Mg had an error percentage 
less than ± 4.9 % and ± 6.2 % for 1.0 ppm standards, and ± 1.4 % and ± 2.2 % for 10 ppm 
standards, respectively. The maximum error percentage for these elements in both 1.0 





samples revealed an error percentage of < ± 3.2 % for the two elements, i.e., a 96.8 % 
precision.  
 
2.5. ANALYZING CARBONATE MINERAL PRECIPITATION  
The bottom sediments from serum bottle reactors with quartz sand substrate 
exposed to different CO2 levels and those amended with different electron donors were 
analyzed for the production of carbonate minerals. A single reactor a set of the triplicate 
reactors was first investigated for presence of carbonate minerals by a simple HCl test. If 
the first reactor indicated the presence of carbonate mineralization by production of gas 
bubbles, then the remaining two reactors in the triplicate set were analyzed.  The 
sediments for all experiments were collected at the end of the reaction time. In serum 
bottle cultures that did not produce carbonate minerals, the reaction was allowed to 
proceed for a longer time (up to day 60) and the sediments were examined again at the 
end of the extended reaction period. Reactors with carbonate mudrock were not chosen 
for examination, as the carbonate substrate already present would interfere with analyzing 
any newly precipitated carbonate minerals. The quartz sand sediments from the bottom of 
the reactors were collected with a sterile spatula and gently rinsed thrice with de-ionized 
water. A portion of the rinsed sediments were added to a microscope slide, hydrochloric 
acid (10%) was added, and observed under an optical microscope to check for 
effervescence due to CO2 release from carbonate minerals. Sediments from reactors that 
tested positive for CO2 effervescence were selected for investigating the mineral 
morphology and elemental composition with Scanning Electron Microscopy-Energy 





were placed on aluminum stubs, coated with Au/Pd, and viewed with either a Hitachi 
S4700 FESEM or Helios Nanolab 600 Focused Ion Beam-SEM (FIB-SEM). In some 
cases, the sediments were filtered with a 0.45 µm cellulose acetate filter that was then 
attached to an aluminum stub, Au/Pd coated and viewed under SEM. 
 
2.6.  δ13C EXPERIMENTS 
In order to evaluate the potential source(s) of precipitated carbon in the reactors 
being processed through the bacterial metabolic system, labeled 
13
CO2 experiments were 
conducted.  The source of carbon in the precipitated carbonate minerals could be either 
from organic carbon, the added CO2 gas or the HCO3
-
 in the artificial seawater. The 
extent of mineral sequestration accomplished through the activity of SRB can be 
determined by positively identifying the carbon source and by quantifying the amount of 
the labeled 
13
CO2 incorporated in the precipitated carbonate minerals. Similar to the batch 
reactors, the gas was supplied at a ~14.7 psi CO2 headspace pressure (concentration of 
1,500 ppm) after a series of vacuum and nitrogen gas exchanges. Lactate, formate, 
hydrogen or acetate, as sodium salts, were used as electron donors, similar to previous 
experiments at 1,500 ppm CO2 with only quartz sand as the substrate. Any carbonate 
minerals that were produced in these reactors at the end of the 10-day reaction period 
were isolated along with the quartz sand substrate.  The quartz sand sediment samples 
collected with a sterile spatula were rinsed thrice with de-ionized water and a portion of 
the rinsed sediments were added to a microscope slide. Hydrochloric acid (10%) was 
added to an isolated portion of these sediments and observed under an optical microscope 





that acetate, formate, and NaHCO3 were also possible sources for the carbon in any 
carbonate minerals that were precipitated.  To evaluate this possibility, they were also 
tested for their isotope ratio.  Lactate was present in liquid form and so was not analyzed. 
The carbonate mudrock used as a substrate in the earlier experiments was also analyzed 
to obtain its δ13C value. The sediments were rinsed thrice with deionized water, flushed 
with air for five minutes and analyzed for their δ13C values. Stable carbon isotope data 
were measured by using either a Thermo Finnegan
TM
 Delta Plus mass spectrometer 
operated in dual inlet mode with an on-line automated carbonate reaction Kiel III device 
or with a Thermo Finnegan
TM
 Delta Plus XL operated in continuous flow mode with an 









3.1. SEDIMENT CHARACTERIZATION 
The water temperature at LE (surface) and GSP (~1 foot below surface) during 
time of sample collection at the field sites was 31.6°C and 27.5°C, respectively.  
Corresponding salinity values for the shallow surface water indicate hypersaline 
conditions, conductivity of 118 mS/cm and 220 mS/cm, and a pH of ~7.9 and ~6.8, 
respectively.  Sediments from GSP had quartz, gypsum and halite as primary minerals, 
but no carbonate minerals were detected (Fig. 4).  Dolomite, calcite, and quartz were 
detected as major mineral phases in LE sediments as determined by their peak intensity 
values from the XRD experiments (Fig. 5).  Sediment samples from LE reacted with a 
5% hydrochloric acid solution releasing CO2 bubbles, indicating the presence of 
carbonate minerals, whereas GSP sediments did not release any CO2 bubbles. Using the 
standard checks, the overall average accuracy observed with the ICP-OES analysis was 
within ± 5.0 % error range for 1.0 ppm, and ± 6.0 % for 10 ppm standards.  Precision 
values calculated by repeated measurements of known standards indicated the instrument 
was generally > 91.4% precise.  The calcium values in LE and GSP were 586 and 1,168 







Fig. 4. XRD pattern of the sediments collected from Great Salt Plains Lake showing 
intensity peaks for quartz, halite and gypsum. No carbonate mineral peaks were 





Fig. 5. XRD pattern of the sediments collected from Lake Estancia showing intensity 






3.2. ENRICHMENT CULTURE RESULTS 
The enrichment cultures for SRB from LE and GSP were successfully grown in 
serum bottles and sulfate reduction activity was confirmed in both cultures by visual 
observation of black precipitates of reduced metal sulfides (Appendix C).   
 
3.3. MICROBIAL DIVERSITY RESULTS 
The quantity of genomic DNA isolated from the sediments and SRB enrichment 
from LE was extremely low (<0.1 ng/µl).  The amplicon products obtained from the 
genomic DNA were analyzed by pyrosequencing, along with those obtained from the 
GSP sediments samples. A total of 50,192 sequences were recovered from the barcoded 
pyrosequencing of the partial (V1-V3 region) of the 16S rRNA gene of the three samples 
(Table 1). The average read length of the sequences was 471 bp. Sediments from LE and 
GSP had 11,745 and 35,025 sequence reads, respectively, while the LE enrichments had 
a lower number of reads (3,422). Alpha diversity values were calculated by using Qiime 
software (Caporaso et al., 2010). The program was used to randomly generate a subset of 
sequences (termed ‘equalized’), and 10 iterations were run for each diversity indices. 
Chao1 values and Shannon index, which estimate species richness, were higher for the 
GSP (931; 6.05) than LE sediments (592; 4.77). The distribution of species between GSP 
and LE, as seen by the equitability values, was almost similar between these two 
environments, having values of 0.60 and 0.53, respectively.  
The bacterial populations in the GSP and LE sediments were not extremely 
diverse (Table 1). The majority of bacteria were not classified into any particular taxa in 





sediment samples, the highest representation were from members of the order 
Bacteroidales (~29%), while the candidate class, KB1 (~18%) represented the second 
largest population. Unclassified members of the phylum, Proteobacteria and the family, 
Desulfobacteraceae, were also present in significant amounts in the GSP sample. The 
class, KB1 was also abundant in the case of LE sediments (~21%), but the highest 
representation in this sample was from the family Oxalobacteraceae, comprising more 
than half of the entire population (~57%). The families, Comamonadaceae and 
Burkholderiales, and the order Bacteroidales were among the other significant 
populations represented in the LE sediments. The LE enrichment culture was dominantly 
made up of the family, Desulfobacteraceae (~87%), which includes several SRB 
members.  Families, including members of Halanaerobiaceae, Halobacteroidaceae, 
Enterobacteriaceae, and candidate class, KB1, were among the other bacterial members 







Table 1. Summary of the bacterial 16S rRNA gene diversity analysis of the two lake 
sediments and one enrichment culture by pyrosequencing method. Percentage of major 
taxa identified are also showed. *o: order, c: class, f: family 
 
  







# of Sequence Reads 35,025 11,745 3,422 
Equalized Sequences 2,425 
Chao1 931 592 225 
Chao1 (95% confidence 
[LL/UL]) 853/1,009 538/647 206/244 
Shannon Index 6.05 4.77 1.57 
Equitability 0.60 0.53 0.22 
TAXA* 
Unclassified bacteria 33.28 3.52 4.53 
f_ Propionobacteriaceae 0.00 2.97 0.53 
o_ Bacteroidales 28.77 0.04 0.00 
f_ Halanaerobiaceae 0.08 0.00 2.54 
f_ Halobacteroidaceae 0.04 0.00 1.20 
c_ KB1 17.45 21.17 2.25 
o_ HMMVPog-54 1.68 0.00 0.00 
Unclassified 
Proteobacteria 8.00 0.08 0.12 
o_ Burkholderiales 0.00 3.61 0.00 
f_ Comamonadaceae 0.00 10.95 0.09 
f_ Oxalobacteraceae 0.00 57.11 0.20 
f_ Desulfohalobiaceae 2.18 0.00 0.15 
f_ Desulfobacteraceae 6.97 0.00 87.14 
f_ Enterobacteriaceae 0.01 0.54 1.26 
f_ Spirochaetaceae 1.55 0.00 0.00 










3.4. CONTINUOUS REACTORS RESULTS 
The SRB cultures from LE and GSP were investigated in the 400 and 1,200 ppm 
CO2 reactors operated in continuous mode.  The pH, Eh, calcium and magnesium 
concentration in the overlying synthetic seawater for the continuous reactors set at 400 
and 1,200 ppm headspace CO2 concentrations were monitored for 45 and 31 days, 
respectively.  Single bottles were analyzed for the 400 ppm CO2 headspaces and triplicate 
reactors for the 1,200 ppm. Note: the individual data points for all magnesium 
concentrations are described in Appendix C, but the values are briefly described in the 
results section here for the respective reactors. 
3.4.1. Reactors with 400 ppm CO2. 
3.4.1.1. LE reactors. In the LE reactors exposed to 400 ppm CO2, all reactors 
including the control reactors showed an initial drop from the starting supernatant pH 
value; 8.0 to 7.8 in the control and carbonate mudrock reactors, and from 7.9 to 7.4 in the 
quartz sand reactors (Fig. 6). In the control reactor with no bacterial inoculation, the pH 
after day three remained steady at 7.8 ± 0.3 observed until the end of the experiment. 
After the initial pH decrease in the carbonate mudrock reactors, the pH increased back to 
8.0 on day nine, followed by a drop to 7.4 observed on day 22.  The pH then increased, 
reaching a final value of 7.7 on day 43. The quartz sand reactor showed a similar trend: 
after the initial decrease from 7.9 on day one to 7.4 on day seven, the pH rose slightly to 
7.5 on day 12. The value then decreased to a low of 7.2 on day 27, followed by a sharp 





The redox conditions shown by the Eh values remained fairly stable throughout 
the reaction period in the control reactors; Eh initially rose from a starting value of -40 
mV to -30 mV on day 9, and remained more or less unchanged until day 43 mV. The 
carbonate mudrock reactors remained fairly steady at ~ -40 mV up to day 12, and then 
rose to -17 mV on day 16. The conditions continued to slowly increase to -15 mV until 
day 22, followed by a steady decrease till a final value of ~ -22 mV was reached on day 
43. The carbonate mudrock reactors initially showed a drastic drop in its Eh values from 
day one to day two, with values of +30 mV to -20 mV. Exhibiting few small fluctuations 
along the trend, the values continued to increase steadily until day 27 (+5 mV), followed 
by a steady drop to -22 mV on day 43, coinciding with the pH trend for these reactors.  
The initial supernatant calcium concentration in the control reactors was ~ 1,275 
ppm and remained close to that value until day 43, with intermittent increases on day 16 
and day 31, with respective values of 1,350 and 1,376 ppm. In the LE reactors, the 
starting supernatant calcium concentration of 1,480 ppm in the quartz sand reactors was 
higher than the 1,313 ppm of the carbonate mudrock containing reactors. This variation 
may be because the carbonate mudrock already present could be serving as a template for 
any abiotic calcium carbonate precipitation to occur, thus lowering the initial calcium 
concentration in these reactors. Carbonate mudrock and quartz sand reactors showed a 
30% and 32 % drop, respectively in their calcium concentration from day one to day 43, 
respectively.  Magnesium concentration in the control reactor showed a slight overall 
decrease from 2,190 ppm on day one to 2,020 ppm on day 43. Carbonate mudrock reactor 
showed a decrease from a starting concentration of 1,940 ppm to 1,810 ppm on day 7, 





fluctuating change in the first 22 days (2,368 ppm, 2,080 ppm, 2,320 ppm, and  2,190 
ppm), followed by a stable value in the range of 2,220-2,256 ppm on day 43. It is 
important to note that the ICP-OES instrument had an average error percentage of ± 1.4 
% and ± 2.2 % with the 10 ppm standard for calcium and magnesium, respectively, with 
precisions better than 94 % and 95 %, respectively.  
The production of possible carbonate minerals in the 400 ppm CO2 reactors was 
checked by addition of 10% HCl and observation for effervescence under an optical 
microscope. Only the culture supplied with quartz sand was chosen for this testing 
protocol. The sediments from the LE reactors produced effervescence with the acid 
treatment confirming the presence of carbonate minerals that had precipitated during the 
experiments. Visual observation of the quartz sand sediments and carbonate mudrock 
reactors showed that the grains were loosely fused together, indicating that cementation, 
possibly due to new carbonate mineral precipitation, might have occurred. In both 
carbonate mudrock- and quartz sand-containing reactors, the sediments were held 
together by a slimy material, indicating extra-cellular polymeric substance (EPS) 
production by the bacteria. Though cementation and EPS production were indirectly 
confirmed by visual observation, the sediment particles were only loosely bound to each 
other and were easily separated while sampling. 
3.4.1.2. GSP reactors. The reactors containing GSP samples at 400 ppm CO2 
reacted quite differently from those containing LE microbial communities (Fig. 6), while 
the control reactors behaved similarly. Reactors with carbonate mudrock decreased in the 
pH from day one to day 22, having respective values of 7.9 and 7.4, with a small rise seen 





in the pH value of 7.9 from day one to 7.6 on day nine, after which a steady increase was 
observed till a final value of 8.2 was reached on day 43. The redox conditions were 
similar in both carbonate mudrock and quartz sand containing reactors; following an 
initial increase in the Eh values from -35 mV on day one to -10 mV on day nine, a steady 
drop in the values were observed. At the end of the reaction on day 43, carbonate 
mudrock reactors had a final value of ~ -38 mV, while reactors with quartz sand was 
approximately -53 mV. 
Calcium concentrations in the GSP reactors did not change much, with the 
carbonate mudrock supplemented reactors showing a decline in the values from 1,145 
ppm on day one to 1,010 ppm on day 22, followed by a rise up to 1,101 ppm on day 43. 
Quartz sand containing reactors showed an initial increase from 1,083 ppm on day one to 
1,199 ppm on day 7, after which, the concentration remained more or less similar, with 
1,154 ppm on day 43. The starting Mg concentrations in both carbonate mudrock and 
quartz sand reactors was 2,787 ppm that lowered to 2,429 ppm and 2,507 ppm, 
respectively, on day 22. This initial decrease could be attributed to Mg being sequestered 
as minerals or being captured along with bacterial EPS in the sediments.  After day 22, 
the Mg concentration in both reactors began to rise, reaching ~2,800 ppm on day 43, 
indicating the occurrence of possible EPS breakdown or dissolution of the Mg-containing 
mineral.  This pattern was not observed in the Ca concentrations that showed a steady 
decrease in its values as discussed above. 
Sediments from the quartz sand reactors, tested with 10% HCl, did not produce 
effervescence, indicating that carbonate mineral production did not occur in the GSP 





reactors had production of a biofilm, no evidence for fused grains indicating cementation, 
were visually observed. 
 
 
Fig. 6. Results obtained from 400 ppm CO2 run with Lake Estancia and Great Salt Plains 
Lake enrichment cultures showing pH, Eh and calcium concentration values. Control 
reactors contained only artificial seawater and quartz sand substrate, but no bacterial 






3.4.2. Reactors with 1,200 ppm CO2. 
 3.4.2.1. LE reactors. The initial drop in the pH values as seen in the 400 ppm 
CO2 tests was not observed in the case of 1,200 ppm reactor experiments. The pH 
changes discussed below for LE and GSP reactors are significant with respect to both the 
standard deviation from the triplicate measurements and the instrumental accuracy. All 
LE reactors showed an initial increase in pH up to day 10: The control reactors with an 
initial pH of 6.1 began to stabilize at a 6.4 after day 10, while reactors with carbonate 
mudrock and quartz sand with initial pH values of 6.4 and 6.5, respectively, continued to 
follow the increasing trend up to a final value of 6.8 and 6.9, respectively on day 31 (Fig. 
7). A blank reactor with only the artificial seawater was also run (Appendix C). An initial 
drop in the pH of the blank reactor from day 1 (5.2) to day 3 (4.8) was observed, 
followed by stabilization of the pH at approximately 4.4 (± 0.04). The average starting 
supernatant pH for the carbonate mudrock and quartz sand was 6.5 and 6.4, respectively, 
and by day 26, the pH rose to ~6.9 in both reactors. Control reactors exhibited a steady 
oxidized state (+ 70 mV), whereas the reactors containing bacteria became slightly more 
reduced over the reaction time; average change in Eh from +47 mV to + 26 mV for the 
quartz sand reactors, and +43 mV to +30 mV for the carbonate mudrock reactor, was 
observed.  
The average calcium concentration in the control reactors saw a small drop (1,345 
ppm to 1,296 pm) during the course of the incubation. In LE reactors with bacterial 
inoculum, the decrease in the calcium was much larger than the control reactors. The 
calcium concentration in these reactors dropped till day 22 after which, the values 





ppm and 986 ppm, respectively, for the carbonate mudrock reactors, and 1,264 ppm and 
1,014 ppm, respectively for the reactors with quartz sand. All calcium concentrations 
were within the statistical variability limit and hence significant, while the magnesium 
concentration in the all the LE reactors showed a high degree of statistical variability. 
The control reactors followed a sinusoidal trend in their magnesium concentrations: 
decreasing initially from 2,235 (± 356) ppm on day one to 2063 (± 165) ppm on day 
seven, followed by an increase to 2,220 (± 275) ppm for day 22, and finally decreasing to 
2,134 (± 110) ppm on day 43.  The carbonate mudrock reactors at 1,200 ppm CO2 
showed a similar Mg trend as the 400 ppm reactors, decreasing initially from ~2,600 ppm 
to ~2,500 ppm on day seven and remained unchanged thereafter. Quartz sand reactors 
dropped overall in the Mg concentration, starting at 2,260 (± 95) ppm and ending at 2,123 
(± 40) ppm.  
Sediments collected from the quartz sand reactors indicated the presence of 
carbonate minerals when exposed to HCl. As with the 400 ppm reactors, those vessels 
containing bacterial inoculum from LE cultures exhibited EPS production. Sediments in 
the quartz sand reactors were observed to be clumped together, further indicating that 
mineral precipitation had occurred.  
3.4.2.2. GSP reactors. All measured values for the control reactors were the same 
as those described in the LE reactors exposed to 1,200 ppm CO2. The pH of the simulated 
seawater in the case of GSP reactors containing bacterial inoculum also increased over 
time, similar to the LE reactors. The average pH on day one in the carbonate mudrock 
reactors was ~ 6.3, followed by a steady rise up to the end of the reaction period on day 





trend with a starting and final pH of 6.1 and 6.8, respectively. Both types of reactors also 
showed an overall drop in their redox values. For example, the carbonate mudrock 
reactors, that possessed an average Eh of +53 mV on day one, decreased to +28 mV on 
day 15. The Eh value, then rose to +39 mV on day 19, and thereafter dropped to reach a 
final value of +32 mV by day 31. Reactors with quartz sand followed a similar overall 
trend as the carbonate mudrock reactors in the redox values, starting at + 61mV on day 
one and dropped to ~ + 32 mV by day 31. 
The supernatant calcium concentration in the GSP reactors did not exhibit any 
consistent long-term trends.  The initial and final calcium concentration in the GSP 
reactors with quartz sand was 1,181 ppm and 1,122 ppm, and those with carbonate 
mudrock were 1,147 ppm and 1,088 ppm, respectively.  The trend in the magnesium 
concentration with the GSP reactors was very similar to the LE reactors. At the end of the 
reaction period, the reactors with carbonate mudrock showed a ~100 ppm drop from a 
starting value of ~2,600 ppm. The largest standard deviation in these reactors was 
observed on day 15 with a value of ± 202 ppm, when the Mg concentration was 2,498 
ppm. The quartz sand containing reactors remained more-or-less stable with a Mg 
concentration of ~2,200 ppm.  
Similar to the 400 ppm CO2 reactors, the GSP reactors at 1,200 ppm CO2 also did 
not induce any carbonate mineral precipitation as evidenced by the absence of 
effervescence when sediments from quartz sand containing reactors were treated with 
HCl. Though EPS production was also observed in both quartz sand and carbonate 







Fig. 7. Results obtained from 1,200 ppm CO2 experiments with Lake Estancia and Great 
Salt Plains Lake enrichment cultures showing pH, Eh and calcium concentration values. 
Control reactors contained only artificial seawater and quartz sand substrate, but no 
bacterial inoculum was added. Error bars indicate standard deviation from triplicate 
readings. 
 
3.5. BATCH REACTOR RESULTS 
Since the GSP reactors did not induce any observed carbonate mineral 





higher CO2 headspace concentrations through the use of batch reactors (14.7 psi pCO2 or 
1,500 ppm and 20.0 psi pCO2 of 2,000 ppm). Changes in solution pH, Eh, calcium and 
magnesium concentration were determined for these experiments following the same 
procedures used in the previously discussed batch reactor tests. In addition to monitoring 
these parameters, sulfide concentration was also measured in the reactors to indicate the 
activity of SRB (Fig. 8 for 1,500 ppm, and Fig. 9 for 2,000 ppm CO2 reactors). Similar to 
the continuous reactors, magnesium concentration measured in all the reactors are 
reported in Appendix C and briefly discussed here. 
3.5.1. Reactors with 1,500 ppm CO2. Three types of control reactors were 
analyzed to evaluate the changes in the chemistry occurring in the respective reactors. 
The ‘control’ reactors containing only quartz sand and artificial seawater did not show 
any prominent change in the pH, Eh or sulfide concentration (Fig. 8). The pH in the 
‘control’ reactors did not change during the 10 day period and remained at ~ 6.9; 
however, the starting pH values of the supernatants in the individual reactors of the 
triplicate ‘control’ reactors were different, giving rise to a high standard deviation value 
of ± 0.12 units on day one. Even in the ‘blank’ reactors with only the artificial seawater, 
the average pH value remained at ~6.9.  In the ‘killed control’ reactors containing 
sterilized bacterial cultures, though the average pH change decreased from ~ 6.8 to ~ 6.7, 
the changes were within the standard deviation of the respective triplicate readings, and 
hence not significant. In the reactors with carbonate mudrock and bacteria, the average 
pH increased from 6.2 ± 0.1 on day one to 6.4 ± 0.1 on day 10. The pH change in the 
artificial seawater from the quartz sand reactors was less pronounced, remaining at ~6.9 





decimal place. These small changes, along with the large standard deviation (for 
example, ± 0.11 on day one) rendered the changes insignificant.  
The changes in the redox conditions in all the control reactors were low. While 
‘blank’, and ‘killed control’ reactors showed small redox changes of +34 mv to +33 mV, 
and + 31 mv to  + 32 mv, respectively, the ‘control’ reactors remained unchanged at ~ + 
37 mV. On the other hand, the reactors with carbonate mudrock exhibited decreasing Eh 
values, dropping from + 35 mV on day one to + 30 mV on day 10. Similarly, a decrease 
in the Eh values was observed in the quartz sand reactors as well, starting at + 32 mV on 
day one to reach a final value of + 27 mV on day 10. 
The calcium concentration in the ‘control’ reactor showed an average increase 
from 548 ± 22 ppm to 578 ± 41 ppm. The concentration in the ‘blank’ reactors remained 
unchanged, while the ‘killed control’ reactors showed a decrease from 655 to 629 ppm. 
However, the standard deviation was high in the case of the ‘killed control’, with values 
of ± 33 ppm and ± 29 ppm, respectively. The starting calcium concentration in the blank 
reactors was on an average 250 ppm higher than the ‘control’ reactors. This indicates that 
the quartz sand substrate, the only material additionally included in the ‘control’ reactor 
that is absent in the ‘blank’ reactor, may have served as a possible sink for the calcium 
ions. The calcium values dropped significantly in the carbonate mudrock reactors, with a 
starting concentration of 682 ± 31 ppm on day one to a final concentration of 542 ± 40 
ppm on day 10. The corresponding changes in the quartz sand reactors though decreased 
from 516 on day one to 476 ppm on day 10, the standard deviation values for day 10 was 





elemental concentrations (for example, in the ‘control’ reactors) were within the 
instrumental average error percentage, discussed earlier.  
The ‘control’ and ‘blank’ reactor remained unchanged with an average Mg value 
of 1,295 ppm and 1,327 ppm, respectively. The ‘killed control’ reactor dropped ~40 ppm 
from a starting Mg value of ~1,320 ppm to ~1,280 ppm. While the carbonate mudrock 
showed an increase from ~1,300 ppm to ~1,350 ppm, the quartz sand reactors remained 
unchanged at ~1,240 ppm. The Mg concentration in all reactors tested, revealed large 
standard deviation values on day 10, thereby rendering the changes insignificant. 
Small changes in the sulfide concentrations were seen in the control reactors from 
day one to day 10. An increase in the sulfide concentration would be expected to occur as 
sulfate-reduction progresses, thus serving as a positive indicator for the process. The 
‘control’, ‘blank’, and ‘killed control’ showed respective changes of 1.5 ± 0.5 to 2.3 ± 0.7 
mM, 1.6 ± 0.6 to 1.3 ± 0.4 mM, and 5.1 ± 0.5 to 5.6 ± 0.3 mM. All these changes were 
within the standard deviation limits and the percentage error for the analysis, and hence 
are considered to be insignificant. In contrast, the reactors containing bacterial cultures 
showed an increased average production of sulfide, positively indicating SRB activity. 
The carbonate mudrock- and quartz sand- containing reactors showed an average increase 
from 5.3 ± 1.1 mM to 49.5 ± 3.9 mM, and 6.8 ± 1.4 mM to 52.9 ± 4.3 mM, respectively. 
Any changes in the sulfide concentration from day one to day 10 that were within 1.1 % 






Fig. 8. Changes in pH, Eh (mV), sulfide (mM) and calcium (ppm) concentration from 
day one (white bars) to day 10 (shaded bars) in batch reactors run at 1,500 ppm CO2 
concentration.  ‘Control’ reactors had only the artificial seawater and quartz sand grains, 
but no bacteria; ‘Blank’ reactors contained only artificial seawater; and  ‘Killed Control’ 
had bacteria, quartz sand and bacteria, but were autoclaved at 121°C after addition of all 
these components. Error bars indicate standard deviation from triplicate readings.  
 
3.5.2. Reactors with 2,000 ppm CO2. The pH in the control reactors with no 
bacterial inoculum remained steady at ~5.2 from day one to day 10 (Fig. 9). During this 
time period, the carbonate mudrock- and the quartz sand- containing reactors showed an 
average 0.7 units increase each, from the respective starting values of ~ 6.2 and ~ 5.5. 
Similar to the pH values, the redox conditions in the control reactors also remained 
unchanged (~ +117 mV). Carbonate mudrock reactors showed an increase from ~ +91 





oxidized in these reactors. Quartz sand reactors also exhibited little change, increasing 
from ~ +100 mV to ~ +103 mV in 10 days. 
The calcium concentration in the control reactors showed a clear decrease in the 
carbonate mudrock reactors (682 to 642 ppm), while the control reactors showed a minor 
increase in the control (713 to 731 ppm) and quartz sand reactors (594 to 610 ppm). It is 
also important to note that the starting calcium concentration in the control reactors was 
higher than in the quartz sand reactors. The presence of bacteria or other organic and 
inorganic components added as part of the inoculum could have bound the calcium ions 
available in the solution, leading to decreased calcium values. Except for the control 
reactors, the calcium concentrations in the other two reactors were within the statistical 
variability limit. The slight increase observed in the calcium concentration of the control 
reactor was likely within the limits of resolution for the ICP-OES analysis. For calcium, 
the average error percentage was ~4.9% for 1.0 ppm and ~1.4 % for 10 ppm standards 
respectively. Dilution of the water samples before analysis would have also contributed 
to reducing the accuracy of the measured values, after accounting for the dilution.  
Mg concentration in the 2,000 ppm CO2 reactors had high standard deviation 
values (~40 to 125 ppm), similar to the 1,500 ppm CO2 reactors. All the reactors, 
including the control, showed an overall average increase in the Mg content of the water 
column. For example, the quartz sand containing reactors showed an average increase of 
1,796 (± 62) ppm to 1,835 (± 85 ppm). The average Mg concentration in the carbonate 
mudrock reactors remained steady at ~1,750 ppm, though the standard deviation at day 





Sulfide concentration increased in both the quartz sand and carbonate substrate 
reactors over time, however, the increase was less than observed previously in the 1,500 
ppm reactors. For example, in the carbonate mudrock reactors, an average increase in 
sulfide concentration from ~6 mM on day one to ~14 mM on day 10 was observed. 
Carbonate mineral production was not observed in the quartz sand reactors at the end of 
the reaction period (day 10) and even after 60 days. Furthermore, fused quartz grains 
indicating mineral precipitation or production of EPS-like material that were observed the 
reactors exposed to 400, 1,200 or 1,500 ppm, was not observed in the 2,000 ppm reactors. 
 
 
Fig. 9. Changes in pH, Eh (mV), sulfide (mM) and calcium (ppm) concentration day one 
(white bars) to day 10 (shaded bars) in batch reactors run at 2,000 ppm CO2 
concentration.  Control reactors were run with artificial seawater and quartz sand with no 






3.5.3. Electron Donors Tested at 1,500 ppm CO2. The control and lactate-fed 
reactors were the same as the ‘control’ and quartz sand reactors, respectively earlier. The 
pH values remained steady around ~ 7.0 in the control reactors (Table 2). Generally, the 
pH increased in all the reactors with the highest average increase of 0.11 units seen in 
both formate- and hydrogen-fed reactors. The acetate-fed reactors did not have a 
significant change in pH as the initial and final values were within the standard deviation. 
Acetate reactors showed a minor decrease in their Eh values (+38 mV to +37 mV), 
formate and lactate reactors each showed a +5 mV drop, while the hydrogen reactors 
decreased from +39 mV to +36 mV.  
The decrease in calcium concentration was largest in the hydrogen-fed reactors 
with a 171 ppm decrease from initial to final reaction time. The control reactors showed 
an increase in the calcium concentration from 549 ppm to 578 ppm, but the changes are 
within statistical variability. Formate-, acetate-, hydrogen and lactate-containing reactors 
all showed a drop in calcium concentration. The formate-fed reactors showed a decrease 
from 798 ±11 to 751 ± 21 ppm, lactate from 516 ± 17 to 476 ± 30 ppm, and acetate 
showed a drop from 894 ± 33 to 868 ± 67. It is important to note that though a decrease 
in the calcium values in these reactors were noted, the standard deviations, especially in 
the case of acetate and lactate were high. On the other hand, the reactors that were 
supplied with hydrogen showed a statistically significant drop in their calcium values, 
decreasing from 734 ± 28 on day one to 564 ± 46 ppm on day 10. The Mg concentration 
in all reactors showed an average overall decrease. However, all changes were within the 
statistical variability as observed with the standard deviation values of the triplicate 





1,340 ± 33 ppm to a day 10 value of 1,308 ± 12 ppm. Similar changes were observed in 
other reactors from day one to day 10: acetate -1,375 ± 17 ppm to 1,350 ± 28 ppm; 
hydrogen-1,307 ± 27 ppm to 1,273 ± 36 ppm; and lactate 1,242 ± 8.0 ppm to 1,237 ± 38 
ppm. 
Sulfide production was significant in all reactors with bacteria, with the smallest 
increase of 2.9 to 38.0 mM observed in acetate-fed reactors, and the highest increase of 
4.1 to 56.8 mM observed in hydrogen-fed reactors. Reactors that were fed with formate, 
lactate, and hydrogen as electron donors led to carbonate mineral precipitation. Reactors 
with acetate as the electron donor and the control reactors did not show any carbonate 
mineral production.  
 
Table 2. Initial (day 1) and final (day 10) values of pH, Eh (mV), sulfide (mM) and 
calcium (ppm) concentration in batch reactors at 1,500 ppm CO2 and fed with different 
electron donors including formate, lactate, acetate and hydrogen. Control reactors did not 
have any bacterial culture. Standard deviation from triplicate readings are shown within 


































































































3.6. CARBONATE MINERAL PHASES 
The reactors that had quartz sand as substrates were chosen based on their 
effervescence with 10% HCl for solid phase analysis by using SEM-EDS. The 400 ppm, 
1,200 and 1,500 ppm CO2 reactors produced carbonate minerals. The carbonate mineral 
phases were mostly attached to the quartz grains and exhibited varied morphologies 
(Figs. 10A-E). A twinned hexagonal crystal was observed, in the 400 ppm reactors from 
LE (Fig. 10A). Dumbbell, blocky, and rhombohedral shaped grains were found attached 
on the surface of quartz sand grains in the 1,200 ppm reactors, where all grains displaying 
a low-Mg calcium carbonate composition (Figs. 10B-C). Carbonate minerals found on 
the surface of quartz sand grains in the 1,500 ppm reactors were mostly rhombohedral 
and blocky (Fig. 10D). Similar morphologies were observed in the carbonate minerals 
found in reactors with lactate, formate and hydrogen. The majority of the carbonate 
minerals had a random morphology and was present as agglutinated material attached to 
the surface of quartz grains. The 2,000 ppm reactors did not show any carbonate mineral 
precipitation through HCl addition, and hence were not analyzed with the SEM. 
Examination of ~25 precipitates ranging in shape from blocky to dumbbell crystals 
through EDS analysis provided atomic Mg concentrations that ranged from 0.9 to 3.5 % 
(Fig. 10E). The low-Mg values and the commonly occurring rhombohedral crystal form 
suggest that the minerals could be low Mg-calcite. 
It is important to note that the quartz sand sediments were gently rinsed with 
deionized water and dried at 55°C before analysis by SEM. These processing steps could 
have caused the originally precipitated carbonate minerals to break off, and then re-attach 





positive for carbonate mineral precipitation, the quartz sand grains were held together by 
mineral precipitates that began to form during the course of the reaction. The carbonate 
mineral precipitates on the surface of quartz grains also appeared to be loosely bonded to 
each other and to the quartz grains by the EPS produced by the bacteria. This microbially 
synthesized EPS material was not well-observed under SEM, probably because of its 
removal during the deionized water rinsing step and its instability under the high vacuum 
conditions of SEM. However, occasional remains of fibrous, EPS-like material were 






Fig. 10. Scanning electron microscopy-energy dispersive spectral (SEM-EDS) analysis 
showing the different morphologies observed in the reactors. A) Twinned hexagonal 
crystal of calcium carbonate in a cellulose-acetate filter paper background obtained from 
400 ppm reactor. B) Dumbbell shaped and clustered rhombohedral carbonate crystals 
from 1,200 ppm reactors. C) Carbonate mineral crytals showing a couple of large 
dumbbell shaped  that appear to be sliced in half and clumped crystals of various 
morphologies (1,200 ppm reactor). D) Agglutinates of carbonate crystals attached on the 
surface of a quartz grain from 1,500 ppm reactors, showing blocky to rhombohedral 
morphologies. E) Semi-quantitative EDS elemental composition of the carbonate mineral 
phase in A. Similar spectra were observed for other carbonate minerals in the 1,200 and 





3.7. δ13C ANALYSIS 
Carbon isotope analyses of the precipitated carbonate minerals in the reactors 
were performed in order to identify the source of the carbon in the minerals. Data 
obtained from the isotope analyses were reported relative to the Vienna PeeDee 
Belemnite (VPDB) standard. The δ13C values are expressed as per mil deviations on the 
VPDB.  Replicate measurements of NBS-19 for each approach yielded an estimated 
external precision < 0.1‰ for δ13C, but this estimate is only appropriate for samples 
where the abundance of 
13
C is comparable to that of the standard (~1.1%). Because the 
precipitated CaCO3 typically had %
13
C abundances of ~50%, precision can be better 
estimated by comparison among analyses from replicate samples. Coefficients of error 
from measurements of replicate samples ran on consequent days or on the same day were 
generally better than 5% (i.e., ± 3000 ‰) for samples with measured δ13C values of ~ 
+26,000 to 60,000 ‰. 
Reactors that were supplied with formate, hydrogen or lactate as their electron 
donors produced carbonate minerals that had a high 
13
CO2 isotopic signature (Table 3). 
The isotopic composition (δ13C) of the electron donors, acetate and formate, supplied to 
the reactors were -24.62 ‰ and -32.55‰, respectively. NaHCO3, which provided the 
majority of the bicarbonate ions in the original, simulated seawater composition and a 
potential source of carbon in the carbonate minerals produced, also possessed a low δ13C 
value (-6.28 ‰). The average δ13C in carbonate minerals obtained from experiments with 
the electron donors formate, hydrogen and lactate was ~ 47,000 ‰ against VPDB. The 
average values shown are from triplicate reactors. It can be observed that the standard 





the case of lactate. Acetate-fed reactors and the control reactors did not produce any 
carbonate minerals and therefore no 
13
CO2 could be detected in the analysis. Carbonate 
mudrock substrate represented a naturally precipitated carbonate material and the δ13C for 
this sample was -0.75 ‰. The percentage carbon from the carbonate minerals produced 
in the reactors (% 
13
C in Table 1) was calculated by using the method described by 
Mitchell et al. (2010). On average, ~53% of the carbon in the carbonate minerals is 
precipitated from the 
13
CO2 gas phase. 
 
Table 3. Results of isotopic analysis of carbonate sediments in reactors supplied with the 
different electron donors and labeled 
13
CO2 gas. Values shown are average and standard 
deviation from triplicate reactors.  
Electron 
Donor 
δ13C % 13CŦ 
Average Std. Dev Average Std. Dev 
Formate 48,896 6,094 54.9 6.7 
Hydrogen 49,402 13,717 55.4 15.1 
Lactate 42,244 13,749 47.6 15.1 
 
Note: Control reactors and reactors with acetate did not contain any precipitated 




C from the carbonates calculated by using the equation, [(δ13C/1000) x 1.1] + 1.1 









4.1. BACTERIAL CULTIVATION FROM DIFFERENT HYPERSALINE LAKES 
Microbial-laden sediments collected from the two environments were successfully 
enriched for SRBs. Sulfate-reducers from GSP and LE were successfully enriched and 
employed for reactor testing. The sediments from GSP did not contain any natural 
carbonate minerals as observed by simple acid testing or the XRD results (Fig. 4). While 
LE sediments contained both calcite and dolomite naturally (Fig. 5), the source of these 
carbonate minerals could be due to (i) direct or indirect microbial precipitation, (ii) 
natural deposition from surrounding region, (iii) precipitation by evaporation, or (iv) 
probably a combination of two or more of these factors. The pH of LE and GSP 
environments were 7.9 and 6.8, respectively. The lower pH of GSP could explain the lack 
of carbonate minerals in the environment. 
The microbial population analyzed by using the barcoded pyrosequencing 
approach from the two lake sediments and enrichment developed from LE, were only 
partially successful. The diversity and species richness in the sediments from both 
locations were not remarkably high and was especially low in the LE sediments (Table 
1). Two factors could have contributed to these low values: (i) the hypersaline nature of 
the environment restricting the number and variety of bacteria, (ii) storage of the 
sediment cores for nine to ten months before DNA isolation. LE enrichments would have 
selectively encouraged the growth of only the SRBs, and hence the low diversity in these 
samples was expected. The enrichment culture from LE was regularly sub-cultured in 





for bacterial growth. Considering these storage and culturing issues, any bacterial 
population comparison between the sediments and the enrichment culture should be 
treated with caution.  
4.1.1. GSP Sediments. In terms of SRB population in the two sediment samples, 
the two families, Desulfobacteraceae and Desulfohalobiaceae were only identified in the 
GSP sediments; whereas, they were completely absent in the LE sediments. Among the 
identified taxa, these two families include majority of the known SRB (Muyzer and 
Stams, 2008). The enrichments developed from GSP (that were not analyzed for 
microbial diversity) should then be expected to have encouraged the growth of these two 
bacterial families. The GSP enrichment did reduce the sulfates as observed by the black 
precipitates of reduced sulfides in the serum bottle (Appendix C). However, when 
employed in the reactor experiments with 400 and 1,200 ppm CO2 concentration, the 
SRB enrichments from GSP did not induce carbonate mineral precipitation. Since the 
bacterial population was not analyzed from the GSP enrichments, whether the carbonate 
mineral precipitation activity was directly dependent on the type of bacteria cannot be 
determined. Even if these were analyzed, the pyrosequencing procedure allowed 
identification only up to the family level. The genus or species level classification would 
have to be performed through other sequencing procedures. 
4.1.2. LE Sediments and Enrichments. LE sediments possessed neither 
Desulfobacteraceae nor Desulfohalobiaceae, but the enrichments generated from these 
sediments had ~87% of the family, Desulfobacteraceae. A similar issue is seen in the case 
of the families, Halanaerobiaceae and Halobacteroidaceae. The long-term storage of the 





but the exposure to ideal sulfate-reducing conditions in the enrichment cultures favored 
the rejuvenation of these bacteria. Oxalobacteraceae (~57%), which includes several 
aerobic, anaerobic and nitrogen fixers but no known SRB, was the only dominant 
bacterial family in the LE sediments (Whitman et al., 2012). The medium did not cater to 
the growth of Oxalobacteraceae as seen by a drastic reduction to 0.20% in their 
percentage representation in the enrichments. The SRB family, Desulfobacteraceae was 
the major group in the LE enrichments. Other bacterial taxa were also identified in 
smaller percentages in the enrichment (e.g., Halanaerobiaceae, Halobacteroidaceae and 
Enterobacteriaceae). In other words, the bacterial culture used in the LE reactor 
experiments was a mixed culture, with Desulfobacteraceae being the dominant group. 
Since only bacterial diversity was analyzed through these studies, archael members, such 
as methanogens, would likely be present in the hypersaline sediments (Zhilina, 1986). 
4.1.3. Mixed Culture. Though at least five to six generations of sub-cultures were 
cultivated from the sediments with the enrichment media before being tested in the 
reactors, the cultures would have still contained a mixed bacterial population. However, 
the production of reduced black precipitates indicated that SRB activity was the dominant 
terminal electron accepting process in these cultures. It would have been ideal to test a 
pure bacterial culture to precisely relate the bacteria with the carbonate mineral 
precipitation activity and extend the process for possible GCS applications. However, 
when considering application of these or similar bacteria on an actual subsurface site, it 
should be noted that a plethora of microbial population would already be present in such 
environments (Krumholz, 2000; Ménez et al., 2007). Therefore maintaining a pure culture 





Employing a mixed culture is beneficial as the other community members would most 
probably complement the SRB activity, unless the conditions or the type of energy 
sources supplied favors the growth of other organisms.  
 
4.2. CARBONATE MUDROCK VERSUS QUARTZ SAND SUBSTRATE 
The two different base materials, carbonate mudrock and quartz sand, were tested 
separately to investigate any influence of these different materials on the activity of SRB 
and the chemical changes induced in the overlying artificial seawater medium. Carbonate 
mudrock would have served as a buffer to counteract the acidic changes caused by the 
CO2 addition. The presence of calcite has been shown to reduce the stress on bacterial 
cells by serving as a buffer for the CO2 gas, and allowing the SRBs to accommodate to 
the stressful conditions (Wu et al., 2010). In both GSP and LE reactors, the carbonate 
mudrock sediments were not considered for HCl treatment and subsequent SEM analysis 
due to apparent difficulty in differentiating between the already existing and newly 
precipitated carbonate material. However, the pH changes, Eh conditions, sulfide (only in 
1,500 ppm reactors), and calcium concentrations in LE reactors amended with carbonate 
mudrock were similar to those containing quartz sand, indicating that precipitation could 
have occurred in the carbonate mudrock reactors as well (Figs. 6-8). CO2, on reaction 
with carbonate-dominated rocks, would cause partial dissolution releasing anions. The 
solid sequestration of the gas could be accomplished in this case, provided the pH and 
alkalinity have been sufficiently altered by interaction with the rock units or through 





The grain size of the base materials is also important in terms of interaction space 
between the liquid and solid phases. The pore spaces between these grains can create 
microenvironments that are capable of accommodating bacteria. Thus, majority of the 
bacterial activity would have most likely occurred at the sediment-water interface and in 
the porous microenvironments. The chemical changes at these sites eventually would 
have modified the conditions in the overlying water column. The carbonate mudrock 
particles had a wide size distribution (2.0 to 250 µm), but were generally finer than the 
quartz grains with sub-angular to sub-rounded grains. Addition of CO2 would initially 
lead to carbonate mineral dissolution from the mudrock, and therefore the porosity and 
permeability may increase initially. In the 1,200 ppm reactor, for example, the dissolution 
of the carbonate mudrock would have led to an increase in the calcium and magnesium 
concentrations in the starting seawater leachant; however, such an increase in these 
values was not observed between day one and seven in the LE reactors, but occurred in 
the GSP tests (Fig. 7). The chemical changes induced in the reactors are therefore 
dependent on the type of bacteria present in both cultures. The presence or absence of any 
organic or biological material that are able to consume or bind these elements would also 
affect the concentrations. Additionally, the existing carbonate material would also serve 
as a template for initial abiotic mineral precipitation. In the carbonate mudrock reactors, 
it was difficult to differentiate between newly precipitated carbonate material and the 
carbonate mudrock base that was already present. On the other hand, the quartz sand 
grains were sub-rounded to rounded, with a fairly uniform size distribution (100-200 
µm). These grains were fused together in all the reactors that showed carbonate mineral 





fused grains reflect the effect of the precipitated minerals within the grains on the 
porosity and permeability. 
In the subsurface, addition of CO2 to pure quartz sandstone will have no major 
effect on the rock units, since the sandstone is generally non-reactive with CO2 (Baines 
and Worden, 2004). However, most siliciclastic rocks contain aluminosilicates and 
calcitic cements associated with it. CO2 can react with the former to induce solid phase 
carbonate mineral formation, whereas reaction with the calcitic cements will cause 
dissolution, leading to increased porosity and permeability. This latter change in the pore-
scale characteristics in turn could increase the CO2 storage and transport capacity of the 
reservoir. Quartz sand has been further shown to provide protection for the bacteria by 
housing the microorganisms and preventing them against the effects of the high CO2 
(Santillan et al., 2013). From the current experiments, both the carbonate mudrock and 
quartz sandstone served as good analogues to potential reservoirs for subsurface CO2 
sequestration.  
 
4.3. SRB LIMITED BY CO2 CONCENTRATION 
Since GSP reactors did not induce carbonate mineral precipitation, the discussion 
hereafter would be focused on LE reactors, unless specifically noted. At 400 ppm, the pH 
values were slightly higher in the tests with carbonate mudrock than those with quartz 
sand, but the pattern tended to converge during the later stages of the reaction, probably 
indicating that an equilibrium phase had been obtained (Fig. 6). The initial drop followed 
by the rise in pH with lactate as the electron donor, describes to a certain extent, the 





The presence of carbonate mudrock in the reactors could have induced the bacterial 
activity to dissolve the carbonate minerals first, followed by precipitation. Surprisingly, 
both LE and GSP reactors showed a similar pH trend in both 400 and 1,200 ppm reactors, 
though the GSP cultures did not lead to carbonate mineralization at the end of the 
reaction period.  
Carbonate mineral precipitation was observed in the 1,500 ppm reactors within a 
10-day period (Fig. 8), while it took a longer time for the reactors at 400 and 1,200 ppm 
(days 43 and 31, respectively). Though elevated concentrations of CO2 would be 
expected to inhibit SRB (Ménez et al., 2007), and in turn carbonate mineral precipitation 
process, such a CO2 increase only accelerated the chemical changes seen in the reactors 
tested here. The actively metabolizing bacteria induced a quicker, albeit less pronounced 
pH change at 1,500 ppm, when compared to the 400 and 1,200 ppm reactors. A previous 
study by using SRB community under different CO2 concentrations indicated that 
carbonate mineral precipitation occurred only in a 20% CO2 atmosphere, but not under a 
10 % or 5 % atmosphere (Ménez et al., 2007). The availability of excess dissolved CO2 
was quickly converted to carbonate ions due to the pH change induced by the bacterial 
activity. The reverse would be expected, as the higher CO2 concentration would decrease 
the pH. In the current experiments, increased CO2 concentrations required lesser time for 
the precipitation of carbonate minerals. Though alkalinity was not measured due to the 
low volume of sample available, an increase in the alkalinity would also be expected as 
more dissolved CO2 in the artificial seawater solution is converted to bicarbonate    
(HCO3
-





Another contributing factor to the quickened reaction is because in the case of the 
continuous reactors (400 and 1,200 ppm reactors), the media and the headspace in the 
aquarium tank set-up had oxygen. Hence, the bacteria would have required more time to 
create favorable anaerobic conditions in their micro-environment with quartz sand or 
carbonate substrate as possible shielding materials. On the other hand, conditions were 
made anaerobic in the case of batch reactors (1,500 and 2,000 ppm), which would have 
allowed faster growth of the SRBs and produced necessary conditions for favoring 
carbonate mineral precipitation. This response to oxygen substantiated that SRB 
community used in the current study were tolerant to oxygen, but functioned better at 
anaerobic conditions. Another line of evidence that can be gathered for the effect of 
anaerobic conditions on the SRB activity was seen in the sulfide concentration measured. 
Unfortunately, the sulfide concentration for the 400 and 1,200 ppm were not analyzed to 
monitor the rate of sulfide production overtime. However, comparing the pH changes in 
the 400 ppm and 1,200 ppm reactors with that observed in 1,500 ppm reactors (Figs. 6 to 
8), it could be postulated that in the case of the former reactors, not much of sulfide was 
produced during the initial stages following bacterial inoculation. In the 1,500 ppm 
reactors, though the CO2 concentration was high, the anaerobic conditions favored the 
growth of SRB in spite of the stressful conditions, leading to the high degree of sulfate 
reduction (or sulfide production) seen in those reactors. The balance between CO2 
concentration and oxygen tension is therefore of vital importance to the functioning of 
the SRB community in terms of carbonate mineral precipitation.  
At 2,000 ppm CO2 concentration, the bacterial activity was inhibited due to the 





of SRBs tested was above 5.5 (the pH scale as seen in the 2,000 ppm reactors was within 
5.2 to 6.2, Fig. 9). At 2,000 ppm, the starting pH range in case of the carbonate mudrock-
amended reactors was higher than the quartz sand, mostly due to the former material 
buffering the acidity induced by CO2 injection. Though a rise in the sulfide levels was 
seen in these reactors between day one and day 10, the increase was not as high as those 
seen in the 1,500 ppm reactors (Fig. 8). Similar trend was observed in the calcium and 
magnesium concentrations in these two sets of reactors.  
 
4.4. ELECTRON DONORS   
The type of electron donors utilized by the SRBs plays an important role in 
creating optimum conditions for carbonate mineral precipitation. For example, through 
laboratory and modeling studies, Gallagher et al. (2012) tested a known, pure strain of 
SRB, and found that the pH and alkalinity changes favoring mineral precipitation varied 
with the type of electron donor supplied under atmospheric conditions. Accordingly, 
electron donors, such as hydrogen, formate and acetate caused an increase in the net pH, 
whereas lactate, glycolate and ethanol caused a decrease in pH. In our trials, we found 
that hydrogen, formate and lactate led to an increase in pH under 1,500 ppm CO2, 
whereas, acetate-fed reactors developed a slight decrease in the pH (average value of 6.84 
to 6.76) overtime (Table 2). Carbonate mineralization occurred only in reactors that 
showed an average increase in pH. Comparing our results with those of Gallagher et al. 
(2012), the type of electron donor consumed and the related changes in the chemistry of 
the surrounding environment probably depends on the SRB community tested. While 





but likely dominated by SRB. Furthermore, the experiments conducted by Gallagher et 
al., (2012) were under atmospheric CO2 concentration, while our experiment investigated 
the behavior of SRBs at elevated CO2 levels. Therefore, the optimal carbon 
source/electron donor requirement in terms of carbonate mineral precipitation could be 
variable and requires stricter investigations.  
Hydrogen gas is suggested to be an important electron donor for the bacterial 
community under study. It is advantageous to use hydrogen because of the natural 
availability of the gas in certain types of subsurface rocks, such as basaltic or 
metamorphic (Nealson et al., 2005). Several subsurface bacterial communities also utilize 
hydrogen as their primary electron donor (Reith, 2011). Dissolved hydrogen 
concentration, as low as 60 µM in basaltic aquifers was suggested to support a variety of 
lithoautotrophic and heterotrophic bacteria (Stevens and McKinley, 1995). The dissolved 
hydrogen concentration used in our current studies is ~70 µM, thus suggesting that the 
microbial community will be able to metabolize efficiently by using hydrogen as the 
energy source in the subsurface. In bacteria that use hydrogen as the electron donor, the 
carbon source is provided by CO2 or other organic substrates available (Van Houten et 
al., 1994). Most SRB that are able to use hydrogen are also able to make use of formate 
as the electron donor (Widdel, 1988). While lactate and formate also served as good 
electron sources for the bacterial community tested here, injection of these would add to 
the operation cost. Other options would be to include alternate, cheaper organic sources 
that could be utilized efficiently by the bacteria. Sulfate reducers efficiently utilize 
organic electron donors, such as molasses, hydrocarbons, and sewage wastes (Liamleam 





SRB population that could make use of these cheaper organic sources for SRB-related 
commercial applications. Additionally, other subsurface rock materials would have to be 
investigated to identify rock sources that could support microorganisms capable of 
enhancing CO2 mineralization. 
It is currently unknown as to why the use of acetate did not lead to a pH increase 
and carbonate mineral precipitation, while previous studies have shown SRB utilization 
of acetate (Braissant et al., 2003; Gallagher et al., 2012). Perhaps other microorganisms 
in the culture were competing with the SRBs for acetate as an energy source (Table 1). 
The LE enrichments that were used in the reactor tests contained almost 87% of 
Desulfobactereaceae, in addition to other bacteria, such as members of the candidate 
class, KB1 (whose metabolic role has not been characterized) and families, 
Halanaerobiaceae and Halobacteroidaceae. The sulfide production noted in acetate-fed 
reactors was also slightly lower on day 10 (38.9 mM), when compared to other energy 
sources tested (e.g., hydrogen- 56.8 mM, formate- 46.9 mM), indicating that sulfate-
reduction was less active when acetate was fed as the electron donor. The electron donor 
utilization by SRBs is highly variable from species and even strains with the same 
species. Many members of the species, Desulfovibrio do not utilize acetate, but members 
of the family, Desulfobactereaceae exhibit varied utilization of acetate and the other 
electron donors (Widdel, 1988; Whitman et al., 2012; Gallagher et al., 2012).  
The Gibbs free energy (ΔG) change obtained during the oxidation of these four 
electron donors vary during sulfate reduction. For instance, when using hydrogen, the ΔG 
is -38.1 kJ/mol, while those for formate, lactate and acetate are -146.7 kJ/mol, -159.6 





below). The lower the change in ΔG, the more favorable the reaction proceeds in the 
forward direction. Formate and lactate have the least ΔG and hence most favorable. 
Though the ΔG during hydrogen utilization was the largest among the four, the SRB 
seemed to prefer this electron donor than acetate, which has a lower ΔG than hydrogen. 
The SRB community used in our experiments favored hydrogen, formate and lactate 
usage over acetate.  
Hydrogen+CO2 
4H2 + CO2+ SO4
2-
  HS- + HCO3
-


































     ΔG= -47.3 kJ/mol………..…….(5) 
 
In a CO2 sequestration process, the gas impurities injected along with CO2 (SOx, H2S, H2, 
CH4, N2, NOx, O2) also influence the microbial population that could compete for these 
electron donors/acceptors (West et al., 2011; Palumbo-Roe and West, 2013). The 
Palumbo-Roe and West study showed by using thermodynamic calculations that SRB 
was more favored in a subsurface site after CO2 injection and should out-compete 
methanogens, considering hydrogen was available as the electron donor. However, the 





analyzed, with the methanogens outcompeting SRB populations, probably due to the 
ability of the former to survive better at acidic conditions (O’Flaherty et al., 1998). 
 
4.5. CARBONATE MINERAL PRECIPITATION MECHANISM  
SRBs from LE were capable of carbonate mineral precipitation, while those from 
GSP were not, though both reactors induced a pH increase in both 400 and 1,200 ppm 
reactors (Figs. 6 and 7). The lack of carbonate mineralization in GSP reactors could be 
due to the difference in the type of sulfate-reducers in the enriched cultures from each of 
these environments. If the SRB community from either of this environment is considered 
to be directly involved in carbonate mineral precipitation, then it is likely that the 
bacterial cell played a direct role in initiating and propagating the precipitation of the 
mineral (Bosak and Newman, 2003). This involvement of the bacterial cell also 
substantiates the point that the pH increase (Figs. 6, 7 and 8) alone does not solely 
indicate favorability for precipitation of carbonate minerals, but rather a combination of 
the factors (pH, alkalinity, organic matrix, etc.). 
The mechanism involved in carbonate mineral precipitation was not directly 
confirmed in this investigation, though previous studies have shown the role of the 
bacterial cell in direct precipitation by initiating nucleation on its membrane or cell wall 
(Bosak and Newman, 2003; Van Lith et al., 2003). The dumbbell shaped carbonate 
crystal morphology has been directly related to SRB as seen in other in-situ studies of 
SRB from Lagoa Vermelha, Brazil (Warthmann et al., 2000; Van Lith et al., 2003). The 
growth of dumbbell shaped dolomite crystals was suggested to be occurring at the polar 





dumbbell got larger in size (Fig. 10C), and eventually changed into a cauliflower shaped 
crystal. Thus, the SRB from LE used their cell wall as a site for calcium carbonate 
mineral build up. Dumbbell shaped calcite was also produced in the laboratory without 
any living material, but through addition of varying concentrations of organic and Mg in 
the test solution (Meldrum and Hyde, 2001).  
Exopolymers produced by the bacteria positively influence the mechanism of 
carbonate mineral precipitation (Braissant el al., 2007). In the reactors tested here, slimy 
material was seen loosely associated with the bottom sediments and appeared to be bound 
to the sediments. The dumbbell, rhombohedral and other carbonate crystals that were 
observed through SEM were held together in a matrix, most probably supported by the 
EPS as well (Figs. 10B and D). In fact, it has been shown that EPS could serve as 
nucleation sites for carbonate mineral precipitation to occur (Dupra and Visscher, 2005; 
Visscher and Stolz, 2005). The pH changes observed in LE-400 ppm reactors could be 
reflective of this phenomenon (Fig. 6). The initial reduction in pH could indicate the time 
taken for the bacteria to synthesize the exopolymers, trapping calcium ions along with 
them. This could serve as a potential nucleation site where the carbonate minerals begin 
to form overtime, influenced by the pH changes induced by SRB activity. A detailed 









4.6. SOURCE OF CARBON IN THE PRECIPITATED CARBONATE MINERALS 
Carbon is present naturally as two stable isotopic forms: 
12
C (98.93%) and 
13
C 
(1.07%), which are also the respective proportion of the two C isotopes for atmospheric 
CO2. In the atmosphere, CO2 is present at a concentration of 393.66 ppm (monthly 
average mean, October 2013, ESRL, NOAA). The δ13C value (ratio of 13C to 12C, 
expressed in per mil, ‰), of earth’s atmosphere is currently around -8.0 ‰ (NOAA). The 
isotopes tend to partition when transistioning between two substances or two phases of 
the same substance, the process being termed as isotope fractionation. In the case of 
carbon, fractionation is influenced by several factors (Faure, 1977; Hoefs, 2009): a) 
isotopic equilibrium exchanges between the gaseous and aqueous phase, b) the speciation 
of these different carbon forms depends on the pH and temperature, which in turn affect 
the 
13
C concentrations, and c) when precipitated as solid carbonate minerals, an 
enrichment in their 
13
C concentrations is generally observed. The influence of bacteria or 
other living material (e.g., plants) also affects the isotopic fractionation of the carbon. In 
the case of SRB, the fractionation was shown to depend on several factors, such as 
enzymatic pathways used to consume the organic substrate or CO2, and the type and 
growth rate of the bacterial strain (Londry and Des Marais, 2003). In some of the SRB 
strains tested, the carbon incorporated as biomass was isotopically heavier than the 
available carbon substrates by 8 to 9 ‰.The isotope experiments conducted in the current 
study focused on evaluating the transfer of 
13
CO2 supplied as a gaseous phase through the 
bacterial reactor system supplied with different electron donors.  
Carbonate minerals precipitated in the reactors with hydrogen, lactate and formate 
supplemented with labeled 
13
CO2 exhibited similar, but fairly high δ
13





Acetate-fed reactors did not produce any carbonate minerals. The δ13C values were 
highly variable even within the triplicate reactors of the entire electron donors tested. For 
example, reactors fed with lactate had δ13C ranging from ~29,000 ‰ to ~60,000 ‰. In 
the hydrogen-fed reactors, the source of carbon in the carbonate minerals would have 
been from the 
13
CO2 atmosphere or the bicarbonate ions supplied as NaHCO3 in the 
artificial seawater as no other organic carbon material was provided. On the other hand, 
the reactors supplied with the organic electron donor (formate, lactate) could have 
received the carbon from (i) the organic material, (ii) the 13CO2, (iii) the bicarbonate ion 
from the artificial seawater or (iv) more likely from all three sources. It was observed that 
the average %
13
C in the carbonate material was similar in all the reactors that had 
carbonate mineralization occurring, though high levels of fluctuation within the samples 
were noticed. The large standard deviation values was due to (i) differential usage of the 
electron donors by the bacteria, (ii) the density of microbial culture within each of the 
triplicate reactors, and (iii) possibly the amount of carbonate minerals precipitated from 
the electron donor vs. those from the original CO2 atmosphere. 
It can be discerned from the δ13C and %13C values that almost half of the 
carbonate minerals were precipitated from the 
13
CO2 atmosphere. Lack of carbonate 
mineral precipitation in the control reactor is direct evidence that mineralization took 
place through the activity of SRB in the reactors with the bacterial inoculum and the 
electron donors tested, except acetate. As seen from equation 1, the carbon in the 
carbonate minerals formed due to SRB activity is from the organic carbon. It is expected 
that the pH and alkalinity changes induced by the SRB community caused an increase in 







atmosphere (Mitchell et al., 2010). It is important to note that an assumption is made that 
the dissolved carbonate ions due to CO2 addition would eventually attain equilibrium 
with the gaseous phase within 12-24 hours (Leśniak and Zawidski, 2006). Though the pH 
or alkalinity were not measured directly from the current isotope experiments, previous 
reactors (Figs. 6, 7 and 8) tested with different concentrations of CO2 (400 to 2,000 ppm) 
indicated that higher the level of CO2 supplied, the faster the carbonate mineral 
precipitation occurred. At 1,500 ppm CO2, the carbonate mineral precipitation occurred 
within 10 days, but it took at least 43 and 31 days for precipitation to occur when the CO2 
concentration was 400 and 1,200 ppm, respectively. Furthermore, an increase or decrease 
in the supplied sulfate and electron donor concentration would potentially alter the rate of 
sulfate reduction, in turn affecting the pH changes that plays a dominant role in 
proportioning the carbonate species. Mitchell et al., (2010) observed that when using 
ureolytic bacteria at higher CO2 levels, varying the pCO2  and the concentration of urea 
affected the rate of calcite precipitation and the isotopic signature of the calcite minerals 
that were precipitated.  
Boiling the artificial seawater before inoculation would have driven all dissolved 
CO2 out of the solution. The bicarbonate ions in the solution would then react with the 
available cations to form carbonate minerals. However, the injection of CO2 gas into the 
headspace subsequently lowered the pH, leading to dissolution of these abiotically 





) ions. These ions were later precipitated by the SRB community as 
carbonate minerals in addition to deriving carbon sources from the electron donors or the 





that all sources and sinks for the element be addressed. The three main sources for carbon 





in the artificial seawater. At the pH scale considered in the experiments at 1,500 ppm 
CO2 (6.0 to 7.2), the bicarbonate ions would be expected to be dominant. In reactors with 
hydrogen, only the CO2 and the bicarbonate ions in the solution would serve as carbon 
sources, whereas organic electron donors would additionally serve as carbon sources in 
the other reactors tested. The sinks for carbon would be the precipitated carbonate 
minerals, bacterial biomass and CO2 evolved as a result of bacterial metabolism. 
To summarize the results obtained from the isotope studies, a) the concentration 
of CO2 (or pCO2), b) the type of electron donor, and c) the rate of sulfate-reduction are all 
factors that can affect the equilibration between the carbonate ion species in the gaseous 
and liquid phase. A more detailed account of the carbon isotope speciation and sulfate-
reduction is therefore required to understand the equilibration between the gaseous and 
the liquid components. 
 
4.7. APPLICATION IN GEOLOGICAL CO2 SEQUESTRATION 
The current experiments tested SRB enriched from hypersaline environments. 
This is advantageous because the interpretation of chemical changes would be more 
relevant to compare the functioning, kinetics and limitations of the community in a high 
salinity environment, typical of a subsurface CO2 injection site. The toxic, acidic 
conditions induced by CO2 injection is a major concern for any microbially enhanced 
carbonate mineral precipitation in the subsurface. High pCO2 alters membrane fluidity 





lowered metabolic rate (Oulé et al., 2006; Wu et al., 2010). The production of EPS has 
been shown to reduce the stress due to high CO2 (Santillan et al., 2013). Bacteria used in 
another study increased their biofilm production when exposed to high pCO2 (Mitchell et 
al., 2009). The ability of SRB-dominated community to shield itself from the harmful 
effects of CO2 could thus be accomplished, but restricted to a certain level of pCO2 (< 20 
psi in this case).  
In addition to the effects of high CO2, the effect of temperature and pressure has 
important roles in the metabolic activity of SRB, or any surface bacteria exposed to 
subsurface conditions. Since these parameters were not investigated in the current 
experiments, the effects are speculated here. At greater depths, the high temperatures and 
pressures will be detrimental to the bacteria, except those that are already adapted to 
those conditions. Pressure effects can be considered in two different aspects: pressure due 
to overlying rocks and the pressure due to injected CO2. Both these types of pressures 
would have a negative effect on the bacterial activity. In cases where the sequestration 
sites are not too deep, the pressure due to CO2 injection may be more of a problem to 
bacterial survivability than lithostatic pressure of the overlying rocks. Most sequestration 
processes consider pumping CO2 as a liquid while it transforms to supercritical phase 
(critical point at 31.1°C and 73 atm) as it enters the formation (Benson and Cole, 2008). 
The volume of CO2 in the supercritical phase is lower, and thereby much larger quantities 
in the subsurface can be stored in this phase. It has been shown that the survival of 
microorganisms is extremely unlikely when exposed to supercritical CO2 concentrations 
(Werner and Hotchkiss, 2006). The SRB community employed in this study revealed a 





pCO2 in a subsurface GCS application. However, this study helps to understand the limits 
of bacterial tolerance to small increases in pCO2 and to study their behavior under those 
conditions.  
An increased temperature with depth would be another parameter that would 
hinder bacterial activity. The natural geothermal gradient of the subsurface rock layers 
and the proximity to a heating source are two big factors that control the temperature of 
the formation. At shallower depths, where the temperature is not high enough to be 
inhibitory, the bacteria could metabolize and induce carbonate mineral precipitation. 
Under room temperature and elevated pCO2 conditions (20 psi CO2 headspace), ureolytic 
bacteria were able to induce carbonate mineral precipitation as well (Mitchell et al., 
2011). An increase of temperature from 30°C to 38°C did not show any significant 
change in the bacteria’s influence on the mineral sequestration capacity (Dupraz et al., 
2009b). Indigenous SRB population that would already be adapted to such extreme 
conditions, if stimulated properly by application of suitable electron donors and sulfate 
source, would be one of the ideal bacterial communities to enhance the mineral 
sequestration of CO2.  
 In a geological carbon sequestration (GCS) system, where the reservoir rock 
units considered are of desired porosity and permeability, the site near the CO2 injection 
well would receive a large influx of injected CO2. The pCO2 in this region would be high 
enough to deactivate or cause cell death and thus, effective SRB activity or associated 
carbonate precipitation would be unlikely. An investigation of the microbial population in 
a subsurface CO2 injected site revealed that immediately after CO2 injection, the 





microbial population recovered over time, exhibiting both qualitative and quantitative 
changes. As the CO2 migrates through the subsurface to the distal sites located further 
away from the injection point, the concentration would eventually become lower. In 
addition to the distal ends of the reservoir, CO2 would also rise towards the interface 
between the upper surface of the reservoir layer and the lower surface of the seal rock 
(Benson and Cole, 2008). The CO2 concentration in these regions would become low 
enough for the bacteria to tolerate. At these locations, the bacterial activity could enhance 
the conversion of CO2 into solid phase carbonate minerals. As the CO2 would be injected 
at a controlled rate, sufficient time and bacterial activity could cause the carbonate 
mineral precipitation to seal the top and distal ends, thus preventing the leakage of gas. 
Furthermore, the biofilm production by the bacteria would further help to prevent the 
leakage. Eventually the CO2 injected would reach an equilibrium stage, when the bacteria 
can gradually convert the remaining CO2 into solid carbonate mineral phases through the 
chemical changes induced. Furthermore, as discussed earlier, the biofilm production by 
the bacteria could be positively used to seal the top and distal ends of the reservoir. 
 Using SRB for GCS is advantageous because, along with CO2, SO2 gas from 
power plants can also be injected, instead of scrubbing the latter. SO2, in addition to 
sulfate, could be utilized by SRB (Dasu et al., 1989), and thus the amount of SO2 that 
needs to be removed from the power plants can be minimized, if not entirely pumped into 
the subsurface. Most subsurface aquifers also contain sulfate derived from natural 
reservoirs that could be used by the bacteria. A potential problem using SRB in the 
subsurface is the production of sulfides due to bacterial activity. These sulfides cause 





the inhibition has been shown to be reversible when favorable conditions return (Reis et 
al., 1992; Van Houten et al., 1994). Sulfides released from the SRB reaction could be 
sequestered as sulfides by reaction with the metals in the subsurface rocks. Artificial 
supplementation of metals, such as iron, or those naturally present as trace elements in 
the gas could be used as a viable option to reduce the sulfide levels (Poulton et al., 2004; 
Wilkin and DiGiulio, 2010). In addition, ferric (III) iron minerals are present in ample 
amounts in the subsurface rocks. Reaction of this iron to sulfides would result in pyrite 
formation, thus reducing the amount of mobile sulfide phases. It should be noted that co-
injection of SO2 would cause additional acidity and would hence need to removed or 







The SRB-dominated community from LE was capable of carbonate 
mineralization by inducing an increase in pH and providing nucleation sites for mineral 
formation up to 1,500 ppm headspace CO2 concentration. The majority of the SRB from 
LE enrichments belonged to the family, Desulfobactereaceae. The reason for why the 
GSP enrichments did not precipitate carbonate minerals was not conclusively identified, 
but is suspected to be due to the type of SRB in those cultures. In LE reactors, the SRB 
community was limited due to toxic effects and low pH induced by the amount of CO2 
injected (~2,000 ppm). However, at lower CO2 concentrations (400ppm, 1,200 ppm and 
1,500 ppm), mineral sequestration of the gas was successfully achieved. The ability of 
SRB to synthesize EPS and induce carbonate mineral precipitation could be potentially 
used in GCS applications, where in addition to trapping and sealing the reservoir, mineral 
sequestration could also be accomplished at the distal ends of the reservoir. Hydrogen, 
lactate and formate served as excellent energy sources for the SRB community. Isotope 
studies indicated that the carbon in the carbonate minerals is precipitated from both the 
CO2 gas and the organic electron donor, thus confirming that the pH and probably 
alkalinity have been favorably modified for carbonate mineral precipitation through 
bacterial activity. The study provides a good proxy for investigating the activity of SRBs 
under elevated CO2 concentrations and their positive or negative influence on CO2 
reservoir characteristics. Observations obtained from this study could be applied to 
interpret the effect on the indigenous SRB population in the subsurface as well. Future 
research would have to be geared towards testing the bacteria under higher temperatures 





more acidic conditions (acidophilic) could also be tested under elevated CO2 
concentration and whether such acidophilic strains would be capable of precipitating 
carbonate minerals would need to be examined. The ability of SRB and other bacterial 
groups to induce carbonate mineralization under extreme conditions offers an exciting 
and promising area to study possible naturally occurring processes to enhance the GCS, 
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II. CHARACTERIZATION OF WATER, MICROBIAL MATS AND 
MICROBIALITES IN THE HYPERSALINE ENVIRONMENT OF STORR’S 
LAKE, THE BAHAMAS 
 
Note: Material referred to appendices in the following section of the dissertation would 
be included as ‘Supplementary Information’ in the actual manuscript. 
 
ABSTRACT   
Microbialites, or microbially lithified organo-sedimentary structures, are present 
in the turbid, hypersaline waters of Storr’s Lake (SL), located on San Salvador Island, 
The Bahamas. The distribution of the microbialites within the lake is dependent on 
various water parameters, such as depth, turbidity and light availability, all factors that 
fluctuate depending upon rainfall and temperature. From the shallowest to the deepest, 45 
cm to 100 cm portions of the lake, four previously described microbialite morphologies 
were observed: calcareous knobs, plateau-mushroom shaped, cauliflower-top mushroom 
shaped and pinnacle mound, as well as a newly identified morphology referred to as 
‘multi-cuspate’. In the plateau-mushroom and pinnacle mound microbialites, scanning 
electron microscopy revealed the presence of several angular, blocky and needle-shaped 
crystals with mineralized cyanobacterial filaments and the remains of exopolymeric 
substances. X-ray diffraction studies confirmed the presence of Mg-calcite and aragonite 
in the plateau-mushroom and pinnacle mound microbialites, while only Mg-calcite was 
identified as a mineral constituent in the other microbialites. This is the first reported 





molecular analysis by using barcoded pyrosequencing of five different microbial mat 
communities revealed that the bacterial populations in all the mats were diverse, with at 
least 12 dominant bacterial taxa identified. Overall, cyanobacteria populations were low 
and ranged from ~0.01% in the deeper pinnacle mounds to ~3.2% in the shallow 
calcareous knobs. However, several other photosynthetic microbes, including green non-
sulfur bacteria and purple sulfur bacteria were detected. Additionally, strict anaerobic 
bacteria including sulfate-reducing bacteria and dehalogenating bacteria, dominated all 
mat types within SL. The combination of fluctuating water characteristics but 
consistently high turbidity, varied microbialite mineralogy, and the apparent lack of 
abundant cyanobacteria as a principle member of the microbial mat communities, makes 
Storr’s Lake, a distinct and complex environment to investigate interaction of 








Fossil and modern microbialites, such as stromatolites and thrombolites, are 
organo-sedimentary structures composed of lithified carbonate or siliceous material 
(Burne and Moore, 1987; Riding, 1991; Dupraz et al., 2009). Representing one of the 
oldest ecosystems on Earth (~3.5 Ga; Hofmann et al., 1999), microbialites presently form 
in a wide range of habitats from coastal marine (e.g., Reid et al., 2000), hypersaline (e.g., 
Skyring and Bauld, 1990; Glunk et al., 2011), and freshwater lakes (e.g., Ferris et al., 
1997; Freytet and Verrecchia, 1998; Laval et al., 2000), to deep sea methane seeps in the 
Black Sea (e.g., Bailey et al., 2009). Microbial mats, usually present on the top surface of 
the microbialites, are considered to be the initiators of microbialite structures and include 
a diverse microbial community involved in the trapping, binding, and/or precipitation of 
the carbonate minerals. The microbial population, availability of sunlight, microbe-
produced exopolymeric substances (EPS), wave/tidal energy in the environment, water 
depth and the chemistry of the surrounding aqueous environment are some of the key 
factors that determine the growth and lithification of microbialites (Reid et al., 2000; 
Riding, 2000; Visscher and Stolz, 2005; Dupraz et al., 2006; Dupraz et al., 2013; 
Braissant et al., 2007).   
Microbial mats that have the propensity to form modern microbialite structures 
typically consist of six major functional guilds of microorganisms (Van Gemerden, 1993; 
Dupraz and Visscher, 2005): (i) oxygenic photoautotrophs, such as cyanobacteria that 
dominate the upper layers of the microbial mats;  (ii) oxygenic heterotrophs that gain 
energy from the breakdown of organics; (iii) anoxygenic photoautotrophs comprising of 





(SRB) capable of oxidizing organic material by coupling an electron transfer process with 
compounds like SO4
2-
; (v) sulfide oxidizing bacteria that oxidize reduced sulfur 
compounds with O2 or NO3
-
 while fixing CO2 into organic compounds; and (vi) 
fermenters, degrading organic carbon to generate energy along with SRB. Among the 
above listed populations, the activity of oxygenic and anoxygenic phototrophs, and SRB 
can result in the net precipitation of carbonate minerals (Visscher et al., 2000; Dupraz and 
Visscher, 2005; Dupraz et al., 2009). In contrast, sulfide oxidizers and heterotrophs will 
promote dissolution of minerals (Dupraz and Visscher, 2005). Therefore, it is the 
combined metabolic activities of the microbial mat communities coupled with the 
environmental conditions that determines the net precipitation potential of the 
microbialites. Cycling of various organic and inorganic energy sources is also important 
in the mat functioning. For example, hydrogen production by cyanobacteria and 
consumption by members of Chloroflexi and SRB has been shown to be an important 
metabolic process in the functioning of hypersaline mat community from Guerrero 
Negro, Mexico (Lee et al., 2013). 
 The mineralogy constituting modern microbialites can vary from carbonate 
minerals, such as Mg-calcite, aragonite and dolomite (Neumann et al., 1989; Vasconcelos 
and McKenzie, 1997; Reid et al., 2000), to siliceous deposits (Jones et al., 1998). Fossil 
microbialites may also contain chert and dolomite due to diagenetic changes, with traces 
of the original carbonate or siliceous minerals preserved (Sommers et al., 2000). Not all 
microbial mats, however, undergo mineral precipitation and lithification. For example, 
the hypersaline mats of Guerrero Negro, Mexico harbor many of the same functional 





2006). Whether the mats form lithified crusts or not is suggested to depend on the EPS 
production by the phototrophic communities, which is directly influenced by the light 
availability (Dupraz and Visscher, 2005). 
Storr’s Lake, located on the eastern portion of Sal Salvador Island, The Bahamas 
(Fig. 1), is a hypersaline lake that formed during late Holocene sea level rise when a 
depression on the east side of the island was flooded and later evaporitic conditions have 
caused the lake to become seasonally hypersaline (Neumann et al., 1989; Zabielski, 
1991). This fairly shallow lake, maximum depths of < 2 m, is slightly alkaline and 
extremely turbid. The salinity of the lake water generally fluctuates depending on 
evaporation rates and the frequency of rain.  The turbidity in the lake is caused by 
floating planktonic material and benthic components, which become suspended along 
with gases released from microbial metabolism (Neumann et al., 1989; Mann and Nelson, 
1989). Storr’s Lake is one of the few environments that contain microbialites growing in 









Fig. 1. Overview of the collection sites at Storr’s Lake. (A) Google map of San Salvador 
Island with Storr’s Lake located along the eastern-margin of the island (white box). Bar = 
2 km; (B) Magnified image of white box depicting the northern section of Storr’s Lake. 
The line indicated by the star represents the approximate transect along which the water 
and microbialite samples were collected Bar = 500 m; (C) Magnified Google map image 
of the black box in Fig. 1B showing the locations, where the different microbialites and 
microbial mats were sampled in 2011 and 2012.  
 
Four distinct microbialite morphologies in SL have been previously identified in 
discreet zones within the lake (Mann and Nelson, 1989; Neumann et al., 1989). Moving 
from shore to the lake center, the first morphotype identified is the clotted thrombolitic 
pie mounds.  These microbialites are located close to shore in shallow water, and are 
often subaerially exposed and undergo desiccation events during dry periods with low 
lake levels. The next zonation of microbialites occurs, where the lake bottom exhibits a 
slight elevation, consisting of calcareous knobs as tall as 15 cm (the ‘bulbous crust’ of 
Neumann et al., 1989). The upper parts of the calcareous knobs may be exposed to the 
surface during periods of low water level. Continuing further into the lake, the water 
depth increases at which point, flat-topped plateau-mushroom laminated stromatolites 
that have a hard calcified structure attached firmly to the base, are observed. Lastly, in the 





al., 1989), which can extend up to 70 cm in length, are found. In addition to the 
microbialite heads, three microbial mat types have been profiled in the lake: (i) near-
shore ectoplasmic pie mounds, (ii) an offshore mat that covered the calcareous knobs, 
and (iii) a thick, leathery, ‘cheesecake’ microbial mat present in between and on top of 
the deeper microbialites (Neumann et al., 1989). In this study, a new morphotype of 
microbialite was identified (‘multi-cuspate’ type) and will be described later in more 
detail.  
Radiocarbon dating of an encrusted tree root in SL indicated that the microbialites 
have been present for at least 2360 +/- 70 years and their growth rates appear to be 
episodic (Paull et al., 1992). The deeper, larger microbialites have been suggested to be 
submerged all-year long under the bottom ooze and may have become inactive (termed a 
‘sub-fossil’), and some of them could have started to undergo digenetic alteration 
(Dupraz et al., 2006; Fowler, 2011; Dupraz et al., 2013). Submerged mats in SL exhibit a 
low rate of photosynthesis and nitrogen fixation relative to open marine microbialites 
(Bebout; 1992; Paerl et al., 2003; Dupraz et al., 2013). Previous morphological studies of 
the microbial population have identified several taxa within the different mats found in 
the lake bottom and the shallow calcareous knobs microbialite, including cyanobacteria, 
such as Scytonema, Gloeocapsa, Schizothrix, Phormidium, Microcoleus, Calothrix, 
Spirulina; colorless sulfur bacteria, Beggiatoa, purple sulfur bacteria Chromatium, etc., 
and diatoms like Navicula and Nitzchia (Neumann et al., 1989; Mann and Nelson, 1989; 
Pentecost, 1989).  A 16S rRNA gene analysis of the microbial population of the near 
shore calcareous knobs microbialite identified at least five genera of sulfate-reducing 





Desulfobacterium (Brigmon et al., 2006). This study also indicated that cyanobacterial 
populations were reported to be dead in the non-photic near-shore evaporitic mats of SL, 
whereas non-photosynthetic bacteria were dominant in these regions. A high degree of 
aerobic metabolic activity as seen by aerobic cultivation of microbial mats on media 
plates was reported (Brigmon et al., 2008). Intense storm events and hurricanes cause 
periodic ‘freshening’ of the lake (Park, 2012), leading to a change in the water 
characteristics, and in turn the microbial activity and population (Pinckney et al., 1995; 
Paerl et al., 2003). The sedimentation rate in the southern Fortune Hill Basin portion of 
the lake was found to average 1 cm for 45 years, calculated by carbon dating of peat 
material and cesium measurements (Park, 2012). Apart from the shallower calcareous 
knobs, none of the other microbial mats found in the deeper microbialites have been 
previously analyzed comprehensively for their microbial diversity by using molecular 
techniques.  
All modern microbialites studied to date, except for the deep-sea (Bailey et al., 
2009) and Pavillion Lake (Laval et al., 2000) microbialites, have been reported to have 
access to ample sunlight. Storr’s Lake’s turbid water limits sunlight availability, 
especially to the deeper microbialites, and would thus affect their phototrophic population 
and functioning of microbial mats. Therefore, determining the microbial mat composition 
in these microbialites is essential to better understand the processes taking place in the 
development of the microbialites. In addition, the mineralogy of the deeper microbialites 
has not been analyzed previously. In this paper, we discuss in detail, the water 
characteristics of SL analyzed sporadically over three sampling years, as well as a 





lake, adding to the existing literature and emphasizing on the distribution, mineralogy, 
and present the first extensive study of the diversity of the microbial mats associated with 





2. MATERIALS AND METHODOLOGY 
 
2.1. SITE DESCRIPTION AND SAMPLE COLLECTION 
Storr’s Lake was transected during three visits in April 2011, June 2012, and June 
2013 (Figs. 1A-1C). The year 2011 was relatively dry for SL, with the total rainfall for 
the months of February and March recorded at only ~1.0 cm. In 2012 and 2013, the lake 
received a substantial increase in the amount of freshwater inflow due to heavy rainfall. 
The total rainfall recorded for the combined months of May and June in 2012 and 2013 
were ~34.0 and ~22.2 cm, respectively (Source: http://www.accuweather.com/en/bs/the-
bahamas-weather). In 2013, the inflow of brackish water through a conduit (Fig. 2A) 
located on the western shore caused the lake to exhibit two different turbid zones: a 
relatively clear zone closer to the western shore and a turbid zone further into the lake 
(Fig. 2B). This mixing zone was closer to the shore in the previous sampling years. The 
water exhibited a characteristic reddish-brown color, observed in other lakes in the 
Bahamian Islands when viewed aerially (Fig. 2C). The water level was measured by 
using a centimeter-marked PVC pipe at random locations along a transect. The length 
between the top surface of the lake sediments and the water surface was noted down as 
the water depth. The transect started near a man-made conduit inlet to the lake on the 
western shore to the Cactus Island in the northern portion of the lake (Fig. 1B). Our 
sampling transect was similar to that of Mann and Nelson (1989, section B-B’) and 
Neumann et al. (1989). Water samples (~20-50 mL) were collected at different locations 
along the transect and several water depth sample profiles were also collected. For 





opposite to the Salt Pond, located directly south of SL. Microbialite and water samples 
were collected in 2011 and 2012, and only water samples were collected in 2013.  Five 
different microbialites were identified and sampled: calcerous knobs, plateau-mushroom, 
pinnacle mound, cauliflower-top mushroom and multi-cuspate and are described in the 
results section. The microbial mats found on the surface of the microbialites, ranged from 
few millimeters to ~1 cm, and were either uniform or sporadic in their distribution on the 
top surface. The offshore ‘cheesecake’ leathery mats, described by Neumann et al., 
(1989) present extensively on the surface of the lake, were also suggested to envelope the 
surface of microbialite heads at the deeper locations. Though this was true in some cases, 
we observed that the heads generally rose above the sediment surface and was covered by 
a microbial mat that was less thick than the leathery mats. Microbial mat samples were 
collected from the top surfaces of the four microbialite morphotypes as well as the off-
shore, leathery ‘cheesecake’ mat. The surface of the shallow-water calcareous knob 
microbialites had occasional eukaryotic algal material growing over them, but these were 
not collected. All mat samples were aseptically collected in duplicate (5 -10 g each) and 
immediately stored in a nucleic acid preservation solution (LifeGuard Soil Preservation 
solution, MoBio Laboratories, Carlsbad, CA, USA). The mat samples were transported 
back to the Gerace Research Centre (GRC) lab and placed in a freezer within eight hours 
of sampling.  For transportation to the Missouri University of Science and Technology 
(Missouri S&T) labs, the frozen mats were placed in an insulated cooler. At Missouri 








Fig. 2. A) The conduit located on the western shore of Storr’s Lake through which the 
brackish water entered the lake. B) Image of the lake from the western shore in 2013 
visualizing the two different water turbidity zones with the transition shown by arrows. 
Distance from shore to the transition zone is ~60 m.  Cactus Island forms the shoreline in 
the background in right half of photograph. C) Image taken in 2011 of a calcareous knob 
microbialite with its head sticking out of the reddish-brown lake water.  
 
2.2. CHARACTERIZATION OF STORR’S LAKE WATER  
The water samples were analyzed either on site, at the laboratory in Gerace 
Research Centre (GRC) or transported to Missouri S&T for further laboratory analysis. In 
situ water measurements included pH and redox potential (Accumet AP115 portable pH 
meter, Fisher, Pittsburgh, PA, USA), light intensity (described below), conductivity, 
temperature (WTW Cond 333i, Weilheim, Germany), and dissolved oxygen 
(Accumet AP64; Fisher Scientific, Houston, TX, USA). Alkalinity, Ca and total hardness 
measurements were performed by colorimetric titration (HACH, Loveland, CO, USA) 
immediately after returning the samples to shore or in the laboratory at GRC. Water 
samples for alkalinity tests were filled up completely to the brim in a 1L Nalgene bottle, 
capped tightly and shielded from sunlight to prevent heating. Measurements of alkalinity 
were performed anywhere within an hour (on shore) to six hours (at GRC) after sample 





Mg hardness values.  The water samples were filtered with disposable 0.45 µm cellulose 
acetate syringe filters on-site and later returned to the Missouri S&T laboratory, and 
acidified with high-purity nitric acid (ICP-OES samples) for analysis. Major element 
cations (Ca, Mg, Si, K, Na, Fe, Mn and Al) in the collected water samples were analyzed 
by using a Perkin-Elmer Optima 2000 DV inductively coupled plasma-optical emission 
spectrometer (ICP-OES) at Missouri S&T and anions by using a Dionex DX-120 Ion 
Chromatography Unit (IC) at VHG Labs (Manchester, NH). Analysis of standards before, 
during and after measurements indicated an accuracy of better than ± 0.05 pH units for 
the 7.0 pH standard (i.e., ± 0.2 % error), and a precision better than 99.8 %. An average 
error percentage of ± 8.2 % and ± 3.2 % was calculated for the conductivity probe when 
checked with 1,008 and 100.8 mS/cm standards, with precisions better than 95.5 % and 
92.1 %, respectively. For the ICP-OES analysis, commercially traceable standard 
solutions were used for calibration and for quality control checks during each run. Using 
the standard checks, the overall average accuracy observed with the ICP-OES analysis 
was within ± 5.0 % error range for 1.0 ppm and ± 6.0 % for 10 ppm standards. Precision 
values, reported as relative standard deviation obtained between duplicate of 
measurements of randomly chosen samples, ranged from ± 97.0 % for most elements, 
while Na, Al, Si in certain samples had a precision better than ± 90.0 %. PHREEQ 
software program was used to calculate saturation index values in SL water (Saini-
Eidukat and Yahin, 1999). 
Turbidity-light penetration depths were qualitatively evaluated during the 2012 
and 2013 sampling trips by using an underwater video camera and quantitatively 





loggers from HOBO (Cape Cod, MA, USA).  The waterproof HOBO light meters were 
placed at several locations at the bottom of the lake, and the data was recorded by using 
the HOBOware program. The HOBO probes were attached to metal spikes using 
monofilament thread and anchored into the bottom sediment of SL adjacent to the 
microbialites. The probes were also attached to floating fishing bobbers to allow the units 
to be relocated and recovered. To determine the settling rate of the particles in the lake 
water, the turbidity of water was measured at regular intervals under controlled, enclosed 
conditions. The water sample collected in 2012 was taken in a clean glass vial and 
allowed to remain in a turbidometer for a six-month period at room temperature, as 
turbidity values were measured. A comparison was made with illite (illite-bearing shale, 
Fithian, Illinois) and smectite clay (Wards Scientific and Clay Mineral Society Standard, 
STX-1) samples prepared separately with 5% synthetic seawater. 
 
2.3. MINERALOGY AND MICROSCOPY OF THE LITHIFIED 
MICROBIALITES 
X-ray diffraction (XRD) technique was used to determine the mineralogy of the 
microbialites. The first set of analysis included homogenized microbialites collected from 
~1 cm
3
 partitioned replicate sections from random positions within each of the five 
microbialite heads including the walls, nodes and highly compacted bottom layer.  These 
sections were used to provide an overall average composite sample for each microbialite. 
The microbialites that possessed peaks for both Mg-calcite and aragonite were vertically 
and laterally characterized by using XRD to determine variations in the mineralogy. For 
this second set of XRD analyses, the samples were carefully partitioned from ~2 cm
3
 





by using an agate mortar and pestle, rinsed three times with deionized water to remove 
soluble salts and low density organic particles, and then dried in the oven at 105°C 
overnight. Samples were scanned between 6 and 90
o
 two-theta at a scan rate of 2.8° (2-
theta) per minute using a PANalytical X'Pert Pro Multi-Purpose X-Ray Diffractometer 
(PANalytical, Netherlands) with a CuKα radiation source. 
High precision elemental analysis was performed on acid digested samples of the 
pinnacle mound and plateau-mushroom microbialites by using ICP-OES.   The digestions 
were performed on identical sample splits from the second set of individual XRD 
analysis samples. Approximately 0.25 g of each sample was rinsed with deionized water, 
dried overnight in an oven at 55°C, weighed to 0.01 gram accuracy, and then digested in 
a 10 mL volume solution of 5% high-purity Ultrex HNO3.  The digested solution was 
filtered through a 0.45 µm cellulose acetate syringe filter, and then major and minor 
element cations (Ca, Mg and Sr) were determined by using a Perkin Elmer 2000 DV ICP-
OES system. The accuracy of the analysis with respect to solutions of the respective 
standards is discussed earlier for all elements. Duplicate or triplicate runs of random 
samples were not analyzed and hence the precision is not described. Strontium is an 
important element with respect to evaluating carbonate mineral polymorph formation as 
it is preferentially incorporated in the aragonite mineral structure over calcite (aragonite 
Kd-Sr =1.13 versus calcite Kd-Sr = 0.045 to 0.14; Morse and Mackenzie, 1990). Thus, if 
strontium is present, its concentration can be indirectly used to evaluate aragonite/calcite 
ratios.  Conversely, Mg is often enriched in the calcite phase.  
Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS) 





spatial-morphological analysis of the crystals present in the solid microbialites. Samples 
were sputter coated with Au/Pd for two minutes and then were analyzed by using a 
Hitachi S4700 SEM-EDS system. A grain of rhombohedral vein calcite was used as a 
positive control for SEM-EDS analysis. 
 
2.4. DNA EXTRACTION AND 16S rRNA GENE ANALYSIS 
To determine the microbial community composition of the microbialites in SL, a 
barcoded 16S rRNA gene analysis was performed. Genomic DNA (UltraClean™ Soil 
DNA Isolation Kit, MoBio Laboratories, Carlsbad, CA, USA) was extracted in triplicate 
from microbial mats associated with the calcareous knobs, plateau-mushroom, 
cauliflower-top mushroom and pinnacle mound microbialites, as well as a non-lithifying 
cheesecake microbial mat. The extracted DNA was sent to MoGene, LC (St. Louis, MO, 
USA) for further analysis. MoGene quantified the DNA by using a Quant-iT Picogreen 
dsDNA Assay kit (Invitrogen, Carlsbad, CA) and PCR-amplified by using barcoded 
primers targeting the V1-V3 region of the 16S rRNA gene. The bacterial primers used 
were the 27-Forward AGRGTTTGATCMTGGCTCAG (Weisburg et al., 1991) and 518-
Reverse CGTATTACCGCGGCTGCTGG (Muyzer et al., 1993). The primers 
incorporated the Titanium Lib-A adaptor sequences and barcode sequences specific for 
the individual samples (Appendix D).  
The PCR mixture included 1X Master mix (MOLZYM Mastermix 16S Basic, 
Molzym, Bremen, Germany), 0.2 µM each of the MID forward and reverse primers, 0.51 
U Taq DNA polymerase (MolTaq, Molzym), 30 ng of the template DNA, and DNA-free 





95°C for 10 sec, 56°C for 30 sec and 72°C for 30 sec, followed by a single cycle of 72°C 
for 5 min. The amplicons were then purified with a 1.8% agarose gel purification run 
(QIAquick Gel Extraction kit, Qiagen, Chatsworth, CA). The purified amplicons were 
examined with an Agilent Bioanalyzer DNA 7500 (Agilent, Santa Clara, CA) to 
determine concentration and assess the size of the products. The amplicon libraries were 
normalized, pooled and then pyrosequenced with Titanium chemistry (454 GS-FLX, 
Roche, Branford, CT, USA). 
The bioinformatics software program QIIME was used for processing, cluster 
analysis, and classification of the raw sequences (Caporaso et al., 2010). High quality 
reads were separated based on the multiplex identifier and analyzed for phylogenetic 
origin by comparison to reference database Greengenes (DeSantis et al., 2006). The 
ChimerSlayer program available in QIIME was used to perform Chimera check. 
Community analysis and comparison of the mat types were performed phylogenetically 
by using Unifrac jackknifed environmental clustering that compare distances between 
communities (Lozupone & Knight, 2005). QIIME was also used to calculate the alpha 
diversity index parameters, such as Chao1, Shannon and observed species. The program 
randomly generated a subset of sequences (termed ‘equalized’), and 10 iterations were 
run for each diversity indices. The sequencing reads obtained from SL were submitted to 
NCBI sequencing read archive (SRA) with accession number SRP031628. Note that the 
sequences obtained from plateau-mushroom mats were submitted as ‘plateau’, and the 







3.1. WATER CHEMISTRY ANALYSIS  
A water chemistry profile was generated throughout the SL transect at different 
depths and locations. Table 1 provides the average values for the various parameters 
measured in the lake over three years. The maximum water depth from the bottom 
sediment to the surface increased from ~1 m in April 2011 to ~1.1 and ~1.3 m in June 
2012 and June 2013, respectively as measured using the centimeter-marked PVC tube. 
Water parameters fluctuated during each sampling visit. For example, the average pH 
changed from 8.22 (± 0.05) to 8.58 (± 0.08) and back to 8.22 (± 0.2) in the three years of 
sampling. Water conductivity was measured during cursory visits to the island in May of 
2004, 2005 and 2009. The conductivity values during these three years were 98.3 mS/cm 
(~66 ppt), 108 mS/cm (~72 ppt) and 40.6 mS/cm (~26 ppt), respectively.  
 
Table 1. Water parameters measured during the three sampling years. The average values 
of 6 to 20 measurements from different depths and locations each year are shown with 
their standard deviation. Concentration of calcium, magnesium, potassium and sodium 
were analyzed using ICP-OES (*), the anions chloride and sulfate were analyzed using IC 
(Ŧ). The anions were not analyzed for the 2011 or 2013 water samples.  Near-shore water 
measurements are not included in the average 2013 values. Salinity is calculated by 












June 3, 2013 
16:00 (EST) 
Seawater-
June 16, 2012 
14:00 (EST) 





pH 8.22 (± 0.05) 8.58 (± 0.08) 8.22 (± 0.20) 8.26 
Eh (mV) -60 (± 2) -80 (± 12) -73 (± 14) -55 
Alkalinity (mg/L as 
CaCO3) 
178 (± 8) 151 (± 1) 140 (± 27) 113 
Ca-hardness (mg/L 
as CaCO3) 
- 1,328 (± 40) 1,150 (± 233) 1,060 
Mg-hardness (mg/L 
as CaCO3) 
- 6,953 (± 296) 6,340 (± 466) 5,840 
Temperature (°C) 27.5 (± 1.0) 28.7 (± 1.2) 24.6 (± 0.2) 28 
Conductivity 
(mS/cm) 
138 (± 4.5) 64 (± 1.3) 59 (± 2.3) 53.9 
Salinity (ppt) 92.1 (± 3.0) 42.7 (± 0.9) 39.4 (± 1.5) 36.0 
Dissolved Oxygen 
(mg/L) 
3.86 (± 1.07) 5.72 (± 1.80) 3.11 4.70 
Turbidity (NTU) 169 (± 15) 96 (± 12) 135 (± 12) 5 
Calcium (ppm)* 991 (± 67) 507 (± 16) 689 (± 52) 386 
Magnesium (ppm)* 2,898 (± 181) 1,681 (± 49) 




25,312            
(± 1,534) 
14,427        
(± 330) 
16,692        
(± 807) 
11,811 
Potassium (ppm)* 934 (± 60) 521 (± 1) 629 (± 28) 417 









 - 3,910 (± 94) - 2,700 
Sulfur (ppm)
 Ŧ
 2,617 (± 481) - - - 
 
 
Elements, including Si, Fe, Mn, Al, Li, and B, were below 15 ppm and are not 





those obtained from the near–shore brackish water inlet to the lake. The source for the 
brackish water is from the nearby swamp along with surface runoff that drained into the 
lake through the man-made conduit (Fig. 2A). The swamp area is separated from SL by a 
low roadway.  There was a clear delineation seen in the lake (~60 m from the shore 
during 2013), where the relatively clear, brownish, brackish water mixes with the more 
turbid, saline portion of the lake (Fig. 2B). The average conductivity near the conduit 
through which the brackish water entered the lake was 3.77 (±0.11) mS/cm with a pH of 
7.74 (± 0.2), whereas the average conductivity in the more turbid waters further offshore 
was 58.7 (±2.3) mS/cm with a pH of 8.22 (± 0.2). Calcium, magnesium, potassium, and 
sodium concentrations of the brackish water were 99, 90, 27 and 728 ppm, respectively. 
Proceeding from the lake shore to the more offshore locations, the pH, Eh and 
conductivity values showed a distinct lateral profile in the surface water collected from 
these locations. The pH showed a generally increasing pattern (7.73 to 8.47) and the 
redox conditions become more reduced (-43.3 mV to -87.7 mV) further into the lake. The 
conductivity values also gradually increased lake-ward, starting at 3.7 mS/cm near the 
brackish water inlet, rising to 17.5 mS/cm about 23 m away from the shore, 43.3 mS/cm 
at the mixing zone (~60 meters from shore) and 53.5 mS/cm at the turbid water region. 
Alkalinity did not change much in the three years, with the highest value in 2011 of 178 
(± 8) mg/L and lowest in 2013 of 140 (± 27) mg/L. In 2011, the Ca and total hardness 
was directly measured in the water without dilution, which required overwhelming 
amounts (> 2,000 units) of the titrant provided in the kit. These values were not used 
because of the irregularity. Calcium and magnesium hardness measured in 2012 and 2013 





hardness in 2012 was 1,328 (± 40) mg/L as CaCO3, and that of magnesium was 6,953 (± 
296) mg/L as CaCO3. The respective calcium and magnesium concentrations, as detected 
through ICP-OES were 507 and 1,681 ppm (mg/L).  
Water chemistry was also measured along a vertical profile in several locations 
along the transect. Such a depth-wise water analysis at the deepest point in 2013 (surface 
water, ~64 cm and ~130 cm) of the lake-ward, more visibly turbid region gave pH values 
of 8.13, 8.35 and 7.85, respectively. The respective conductivity and turbidity values 
increased from surface to bottom for these three depths: 57.0, 58.7 and 62 mS/cm, and 
121, 127 and 145 NTU, respectively. The pattern was consistent with two other similar 
locations where the water was analyzed directly above plateau-mushroom type 
microbialites (data not shown). Dissolved oxygen consistently showed a decreasing trend 
from the shallow to deeper waters. For example in 2011, the average dissolved oxygen 
decreased from 5.0 (± 0.6) mg/L in shallow waters, to 4.1 (± 0.7) mg/L at ~25 cm, 3.3 (± 
0.8) mg/L at ~50 cm, 3.4 (± 0.4) mg/L at ~75 cm, and 2.2 mg/L (± 0.1) at ~100 cm. The 
dissolved oxygen was only accurately measured in 2011, while in 2012 and 2013, an 
error affected the instrument calibration. Thus, the 2012 and 2013 measurements may not 
exactly represent the actual values. However, a drop in the dissolved oxygen content, 
with depth, correlating with the Eh values, was still noted. Saturation index (SI) values 
were calculated by using the equilibrium-based PHREEQ software program. The 
calculated SI values indicated that the water conditions always remained supersaturated 
with respect to both aragonite and calcite (SI > 0.0).  For aragonite, the SI values in 2011, 





values were 1.27, 1.08 and 1.09. The lower 2012 and 2013 values reflect the influence of 
a heavy rainfall event that occurred before and during water sampling visits to the lake. 
Comparison made between settling rates of particulate material from SL with 
illite and smectite clay samples prepared separately with 5% synthetic seawater are 
shown in Fig. 3. The turbidity values indicated that the lake water sample took ~ 180 
days to reduce from a turbidity value of 121 to 8 NTU. In contrast, illite and smectite clay 
in synthetic seawater, took ~94 days to go from 434 to <1 NTU and 459 to <1 NTU, 
respectively. The water was dominated by a variety of algae, bacteria, diatoms and 
dinoflagellates, which contributed to the high turbidity.  
 
 
Fig. 3. Turbidity measurements in controlled environment, comparing Storr’s Lake 
particle settling rates with smectite and illite clays mixed with 5% synthetic seawater.  
The relatively flat horizontal settling times at the beginning of each test reflect the time 
that it takes for the suspended particles to move from the top of the water column in the 



























3.2. MICROBIALITE MORPHOLOGY AND DISTRIBUTION  
A cross-section of the distribution of microbialites identified along the transect in 
the northern section of SL is shown in Fig. 4. Previously described microbialites (Mann 
and Nelson, 1989; Neumann et al., 1989) types including calcareous knobs (Fig. 5A), 
plateau-mushroom shaped (Fig. 5B), pinnacle mound (Fig. 5C), and cauliflower-top 
mushroom shaped stromatolites (Fig. 5D) were collected (from west to east) in both April 
2011 and June 2012. The near-shore thrombolitic pie mounds as described earlier were 
not investigated in the current study. The near-shore calcareous knobs or bulbous crust 
(Neumann et al., 1989) exhibited two different features: (i) a bottom, darker colored, 
fused-granular, carbonate structure by which the microbialite was attached to the lake 
bottom and was ~6 to 7 cm in thickness. Occasional gastropods, leaf material and slimy 
microbial mats were found on the sides and incorporated into the carbonate formation; 
(ii) a upper, lighter colored carbonate structure, also ~ 5cm thick, had a smoother, 
continuous carbonate build up than the granular bottom portion. Microbial mat with 
sporadic eukaryotic algal material was found between the grooves and on the top surface. 
This upper portion was marked by several knobby growth-like patterns, with plenty of 
cavities.  
It is important to note that the cauliflower-top mushroom and the plateau-
mushroom type described here refer to the same overall external morphological 
appearance but varied in certain characteristics as described below. Also, the plateau-
mushroom described here is the same as the ‘mushroom type’ described by Neumann et 
al. (1989). The overall external morphology of the cauliflower-top mushroom shaped 





mushroom microbialite. Both these types were found at similar depths (~70- 100 cm). 
The cauliflower-top mushroom microbialite had several bulging calcium carbonate knobs 
on the top surface, each resembling individual, smaller mounds, similar to the mushroom 
knobs reported by Neumann et al., (1989). From bottom upwards in the cauliflower type, 
continuous horizontal calcium carbonate laminations with intermittent branching or 
thrombolitic nodes were observed. The smaller, separate mounds began to appear on top 
of the horizon, where the laminations ceased (~ 3-4 cm from the top). The stalk in the 
cauliflower type was very fragile and crumbled easily. Contrarily, the plateau-mushroom 
type had a slightly varied morphology, with the top crust having a reticulated structure 
that was more brittle than in the cauliflower type (Appendix B). The plateau type had a 
visible gap that was variable in height (~ 0.2 cm and 1 cm), observed between the more 
reticulated top crust and the compacted segment located below the crust. This 
microbialite exhibited a highly compacted base with a prominent stalk (also highly 
cemented) attached to the lower segment, above which, the lithification resembles a 
cloud-like formation lacking any prominent, horizontally stratified layers. Occasionally, 
two individual plateau type microbialites fused with each other to form a single large unit 
were also observed. The abundance of microbialite coverage on the lake bottom 
decreased when moving further into deeper portions of the lake until the structures 
eventually disappeared altogether in the deeper portions of the lake.  
Neumann et al. (1989) described two different types of pinnacle mounds-
mushroom and club shaped. The pinnacle mound microbialites described here refer to the 
club shaped pinnacle, and the cauliflower-top mushroom microbialites are as described 





most region (Fig. 5C). The layered structure was replaced by a highly compacted region 
on top that extended between 5 and 6 cm, before exhibiting a thrombolitic morphology 
involving a combination of branched and massive features that were ~7 to 8 cm thick. 
The top-most crust of the pinnacle mound microbialite was a continuous layer that was 
0.5 to 1 cm in thickness on top of which, the microbial mats were found in a scattered 
manner. Following the cauliflower-top mushroom shaped microbialite and moving 
towards Cactus Island, another microbialite morphotype was identified at a depth of 
about 46 - 50 cm, here referred to as the ‘multi-cuspate’. The distribution of the multi-
cuspate type was fairly continuous from the point it began to appear, but was less 
frequent towards the shore of the Cactus Island.  The multi-cuspate microbialites were 
morphologically different from the other morpho-types owing to its more distinguished 
protrusions and sharper edges (Fig. 5E). The closest resemblance was to the calcareous 
knobs microbialite that were located at similar depths, but on the other end of the 
transect. These were well lithified structures and did not crumble easily. The bottom 1 or 
2 cm of the multi-cuspate microbialite was layered and seemed to represent the locations 
by which the microbialite was anchored to the lake bottom. Similar bottom layering was 
also found in the pinnacle mound microbialite. On top of this layered profile, the multi-
cuspate microbialite began to form a massive carbonate structure, which eventually 
proliferated to result in sharper edges of varying lengths, resembling several fused cusp-
like formations. These large (~3 to 5 cm) protrusions distinguished these microbialites 
from the calcareous knobs. Cross-section of the multi-cuspate type revealed a fairly 
porous calcified structure. The multi-cuspate microbialites did not possess any prominent 





though occasional gelatinous green and pink material that was found scattered on the 
grooves and flatter surfaces. 
 
 
Fig. 4. Overview of the distribution of the microbialites in Storr’s Lake showing the 
approximate locations at which, the microbialites and water samples were collected in 
previous studies (Mann and Nelson, 1989; Neumann et al., 1989) and current 





The frequency of microbialite structures became scarce in the deepest portions of 
the lake, except for the occasional, broken calcified knobs that were submerged in ~ 30 
cm thick gelatinous material. A well-laminated, cohesive, but weakly lithified 
‘cheesecake’ microbial mat was found to be present on top of the gelatinous material in 
most locations (Fig. 5F). This mat type was particularly abundant in the region between 
the plateau-mushroom and pinnacle mounds, and the multi-cuspate microbialite and 
Cactus Island shore. The laminations in the cheesecake mat extend to about 7 - 8 cm in 
thickness from the top. A loose and friable, calcified layer existed below the laminations. 
The laminations disappeared below this calcified layer and were replaced by the soft, yet 
cohesive gelatinous material that extends below for approximately 30 cm, till it reaches 





with the lithified microbialite heads. The most abundant mat type that colonized the 
surface of the microbialite structures was another microbial mat that ranged from 5 - 10 
mm in thickness. These mats, containing faint laminations, were present either uniformly 
or scattered on the surface of all the microbialite morphotypes except for multi-cuspate.  
 
 
Fig. 5. Microbialites and microbial mats collected from Storr’s Lake. (A) calcareous 
knobs, bar = 12 cm; (B) plateau-mushroom, bar = 10 cm; (C) pinnacle mound, bar = 7.5 
cm; (D) cauliflower-top mushroom; bar = 10 cm (E) multi-cuspate type, bar = 5 cm; (F) 
cohesive, but nonlithified cheesecake mat, bar = 7.5 cm.  
 
3.3. LIGHT PENETRATION IN STORR’S LAKE WATER 
Due to the high-turbidity of the SL water, it was essential to determine the amount 
of light available for phototrophs in the microbial mat at different depths in the water. 
The Secchi disk light penetration method was determined at two similar locations, where 
the calcareous knobs microbialites were identified (June 2012). The white portion of 
disks was not visible below depths of 17 - 26 cm and the black portion disappeared below 
A B C 





depths of 15 - 20 cm. Neumann et al. (1989) reported depths of 46 cm below which the 
Secchi disk disappeared during their December 1987 study.   
Light intensity was also measured by HOBO pendant loggers with results shown 
in Figs. 6A and B. In 2012, the probe was initially set into the location adjacent to the 
calcareous knob microbialites at a depth of 40 cm. Day 1 was mostly cloudy and recorded 
a maximum signal of ~1150 to 1200 lumens/ft
2
. The probe was removed from the water 
and exposed to daylight conditions at the water surface during Day 2, where a maximum 
reading of ~20,000 lumens/ft
2
 was obtained. The same day, the probe was then inserted at 
the plateau-mushroom microbialite horizon location at a depth of about 100 cm and kept 
in this position for two days. The weather patterns changed from partly cloudy on Days 2 
and 3, to scattered rain on Day 4. The light intensity during Days 3 and 4 at the plateau 
position varied from 200 to 600 lumens/ft
2
, or between 1 to 3% of the surface light 
intensity. The penetration of any amount of sunlight to these depths was unexpected 
given the high turbidity of the lake water.  
In 2013, the probe was placed at ~95 cm next to the top of the plateau-mushroom 
shaped microbialite and left in place for six days. The highest intensity of light at this 
depth was recorded at 12 lumens/ft
2
 relative to the surface, where a maximum intensity of 
~5,100 lumens/ft
2
 was obtained. This represents a decrease in luminosity with 96 cm of 
water depth of approximately 99.8%. The lower light intensity values in 2013 as opposed 
to 2012 were likely due to the heavy overcast conditions. Unfortunately, the overcast and 
rainy conditions present during both our 2012 and 2013 sampling intervals with the 







Fig. 6. Light intensity data collected using HOBO logger anchored into the bottom 
sediment and set at a depth of the microbialite heads. The graph shows the data from day 
and night cycles recorded in (A) 2012 and (B) 2013, respectively.  In 2012, Day 1: probe 
placed next to calcareous knobs (40 cm), Day 2: probe exposed to direct sunlight 
followed by placement next to plateau-mushroom at 100 cm (the y-axis in the plot is cut-
off at 5,000 lumens/ft
2
, but the actual value when exposed to sunlight reached ~20,000 
lumens/ft
2
), Day 3: probe left at 100 cm, Day 4: probe removed-the ~1,800 lumens/ft
2 
peak was due to exposure to surface conditions. In 2013, the probe was placed at ~95 cm 
for the entire 6 days. The y-axis in the plot is cut-off at 20 lumens/ft
2
, but the value when 




3.4. MINERALOGY AND MICROSCOPIC CHARACTERIZATION OF THE    
 MICROBIALITES  
 
In the homogenized microbialite samples, both Mg-calcite and aragonite were 
identified by XRD analysis as the two major precipitated minerals. Mg-calcite was the 
dominant mineral found in all five microbialite types. Aragonite was detected only in the 
pinnacle mound, plateau-mushroom, and in smaller quantities (~3%) in the multi-cuspate 
type (Appendix B).  Although the aragonite/calcite ratios varied from site-to-site, no 
particular trend was observed with regards to water depth or distance from the shore in 
the microbialites that were evaluated.  
A second set of XRD analyses was conducted with individual point samples being 





used to determine if the plateau-mushroom and pinnacle mound microbialites display any 
spatial variability with respect to both aragonite and Mg-calcite contents. The pinnacle 
mound (PM) sample contained aragonite in the top 1 cm surface section (PM-1b-C); 
however, no aragonite was detected at the sample collected at a 2 cm depth below the 
surface (PM-2b-C) and in the central core of the sample located 9 cm below the surface.  
Aragonite percentages were highest at the base of the sample (PM-3b-S to PM-4b-C) and 
at the lateral surfaces (PM-6-S). In the plateau type microbialites, both lateral surficial 
(Plateau-S) and core (Plateau-C) samples had some of the highest proportions of 
aragonite detected in SL microbialites, though the aragonite/calcite ratios decreased 
outward; 76/24 for core versus 48/52 for surficial sample, respectively.  
 
 
Fig. 7. XRD analysis of microbialite mineralogy depicting the various positions where 
samples were collected. (A) Half-sectioned pinnacle mound (PM), and (B) half-sectioned 
plateau-mushroom shaped microbialites. Samples were collected either in the center: C, 
or at surface: S. Numbers to the right of the sample locations in (A) and (B) correspond to 
the aragonite: calcite percent ratio as determined by XRD analysis. Examples of XRD 
pattern for two of the samples, PM-1b-C (C) and Plateau-C (D), show peaks for aragonite 





Table 2. ICP-OES results for the acid-digested microbialite samples showing the profile 
positions as noted in Fig. 7, the  milli-molar values of Ca, Mg and mM of Sr recovered 
from the digestion of 0.25 grams of solid in 10 ml of solvent, the molar ratio of Ca: Mg, 




Insoluble components were not detected as residues by visual inspection 
following a 5% nitric acid digestion step. Calcium carbonate with variable mole % Mg 
was identified as the dominant mineral type in all samples analyzed by using combined 
ICP-OES (Table 2) and XRD analyses (Fig. 7). Concentrations of Si and Na were at or 
just above detection limits, while Fe, K, Mn, and Al concentrations were all below 
detection.  An inverse correlation was noted in the plateau-mushroom sample, when the 
aragonite XRD % determinations were compared against the mole % Mg determined by 
ICP-OES analysis (Table 2). For example, considering the mole % Mg from the top to 
middle to bottom of this sample, the value becomes lower, albeit gradually; 14.0% to 
Ca Mg
PM-1b-C 201 35.2 5.7 0.18 14.9
PM-2b-C 212 33 6.4 0.16 13.6
PM-3b-S 207 16.7 12.4 0.08 7.5
PM-4b-C 195 34.7 5.4 0.18 15.6
PM-5-C 211 36.2 5.8 0.17 14.6
PM-6-S 216 34.6 6.3 0.16 13.7
Plateau-top-C 203 32.9 6.1 0.17 14.2
Plateau-middle-C 219 34.5 6.3 0.16 13.7
Plateau-bottom-S 217 32.4 6.9 0.15 12.7
Plateau-C 215 18.3 11.7 0.09 7.9
Plateau-S 227 21 11 0.09 8.4













































13.0%. This trend correlated inversely with the XRD analyses, where the aragonite 
percentage increased with depth from trace detection to 38%. An inverse trend was also 
observed when % Mg-calcite and molar Mg/Ca ratio were compared with the Sr values, 
and when aragonite % was compared with mole % Mg. However, Sr and Mg values 
obtained from ICP-OES analysis correlated positively with the XRD aragonite and calcite 
trend, respectively (Fig. 8). In both the Sr - % aragonite plot (Fig. 8A) and the % Mg - % 
Mg-calcite plot (Fig. 8B), the pinnacle mound samples had several points that fitted 
poorly with the regression line. The squared Pearson’s correlation coefficient (R2) values 
of 0.0928 and 0.0289, respectively for the Sr - % aragonite and % Mg - % Mg-calcite 
plots, indicated that the poor relationship, though they generally showed a positive 
correlation. On the other hand, the data from plateau-mushroom samples fitted well with 
R
2
 values of 0.9695 and 0.8186, respectively. Thus, these data independently confirm the 








Fig. 8. Elemental concentration and XRD mineralogy correlations for pinnacle mound 
and plateau type microbialites. (A) Positive correlation between % aragonite, as 
determined by XRD, and mM of strontium, and (B) Positive correlation between % Mg-
calcite, as determined by XRD, and mole % Mg. 
 
Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS) 
analysis of the microbialites showed a variety of internal morphological features (Fig. 8). 





Mg. The morphology of the crystals ranged from irregular to angular, blocky, needle and 
triangular shaped, with calcium carbonate encrusted cyanobacterial filaments and remains 
of exopolymeric substances (EPS). Plateau-mushroom and pinnacle mound microbialite 
exhibited occasional needle shaped structures, suggesting an aragonitic mineralogy (Fig. 
9A). Remains of diatoms, such as Navicula, were also observed to be present in the 
microbialites (Fig. 9B).  
 
 
Fig. 9. SEM images of the microbialite structures. (A) Acicular crystals found in the 
lower section of plateau-mushroom microbialite, probably indicating aragonite. Remains 
of EPS material is indicated by black arrows; (B) Diatoms and remains of EPS (black 
arrows) in the microbialites of Storr’s Lake. 
 
3.5. MICROBIAL MAT DIVERSITY 
Cultivation-independent microbial diversity analyses were performed on the five 
different types of microbial mats (i.e., calcareous knobs, plateau-mushroom, pinnacle 
mound, cauliflower-top mushroom shaped and cheesecake) isolated from SL. Amplicon 
libraries of the partial 16S rRNA genes (V1-V3 region) were sequenced and clustered 





the data obtained from the pyrosequencing method is shown in Table 3. A total of 
126,576 barcoded sequences were recovered after sequence trimming and filtering by 
using mixed and dots filters. The mixed filter removed reads that occurred as a result of 
simultaneously sequencing a mixture of different DNA molecules, whereas the dots filter 
removed sequences with 3 successive nucleotide flows that recorded no incorporation. 
The average read length of the sequences was 471 bp. The five different mat types had 
between 15,782 and 31,862 sequence reads, and were clustered into OTUs by using 
QIIME software (Caporaso et al., 2010).   
Alpha diversity index values (Table 3) were calculated based on equalized 
sequences and indicated that all five microbial mat types exhibited high diversity. Chao 1 
values, used to estimate species richness, indicate that the plateau-mushroom microbial 
mat had the largest estimated diversity (20,915), whereas the lowest was for the shallow-
water calcareous knobs (7,743). The plateau mat had the highest Shannon index values 
(12.03). The Chao1 values were found to correspond well with the Shannon index and 
observed species values. Estimates of Good’s coverage showed that the calcareous knobs 
had the highest percent sequencing coverage (90.3 %), with the cheesecake, cauliflower-
top mushroom and pinnacle mound each showing ~80.0% coverage. The lowest value 
was observed in the plateau type (73.4 %). The distribution of species was most even in 








Table 3. Summary of the bacterial 16S rRNA gene diversity analysis by the 











Sequences 31,862 30,608 28,082 20,242 15,782 
OTUs
a
 5,636 12,261 9,096 6,859 4,897 
Singletons
a
 3,083 8,118 5,872 4,493 3,075 
Doubletons
a








7,743              
(± 236) 




14,218         
(± 262) 


















 10.07           
(± 0.02) 
12.03       
(± 0.02) 
11.25   
(±0.02) 
10.90   
(±0.01) 










5,840      
(±42) 




Equitability 0.82 0.92 0.88 0.87 0.86 
% Coverage
e
 90.3 73.4 79.1 77.8 80.5 
 
a 
values calculated based on 97% similarity threshold 
b
Number of equalized sequences used to generate the diversity indices, such as Chao1, 
Shannon, observed species 
c
average values ± standard deviation of diversity using 10 iterations of randomized 
sequences 
d
Chao1 lower and upper confidence limits at 95% 





Among the OTUs identified, only 24% of the recovered sequences were shared 
between all five microbial mats suggesting each mat type had a distinctive community. 
The relatedness between the five microbial mat communities was also calculated by using 
a beta diversity analysis. A distance matrix was used in the construction of a distance tree 
by using an unweighted pair group method with arithmetic mean (UPGMA). Jackknife 
analysis allowed repeated sub-sampling of a subset of data from each sample, providing a 
final robust distance tree (Fig. 10). The mats on the shallow-water calcareous knobs were 
most similar to the plateau-mushroom microbial mats in terms microbial population and 
hence these two clustered together with the cheesecake microbial mat, found on top of 
the gelatinous material at deeper water locations. The deep-water pinnacle mound 
microbialites, grouped closely with the mushroom microbialite.  Both of these latter two 
types of microbialites are located further away from the western shore of the lake.  
 
 
Fig. 10. Dendrogram showing the relationship between the different microbial mats in 
Storr’s Lake acquired by Jackknifed UPGMA clustering method. The scale bar indicates 






The bacterial composition of the five mats fell into 12 major bacterial taxa, each 
distributed in various absolute percentages among the mats (Fig. 11). Though a large 
amount of sequences were recovered, the analysis of only a partial length (V1-V3) of the 
entire 16S rRNA gene allowed identification only up to the family level of taxonomy, 
with few sequences reaching only to level of class or order. The cheesecake microbial 
mat had approximately one-third (36%) of its OTUs as unclassified, which was the 
highest among the five mat types. The least percentage of unknown bacteria was present 
in the shallow-water calcareous knobs (12%). Chloroflexi constituted approximately half 
(~46%) of the entire bacterial population identified in both the cauliflower-top mushroom 
and pinnacle mound mats, while calcareous knobs, plateau-mushroom and cheesecake 
types had only 16 to 20% Chloroflexi. Within the phylum Chloroflexi, anaerobic 
halorespirers, Dehalococcoidaceae made up to 24 % in the cauliflower-top mushroom 
and 21% in the pinnacle mound. Other members included several bacteria under the class 
Anaerolineae and order Dehalococcoidetes (family Dehalococcoidaceae falls under this 
order). Members of the yet uncultured OPB11 order, thought to include several green 
non-sulfur bacteria (Hugenholtz et al., 1998), were present in notable quantity, especially 
in the pinnacle mound and cheesecake mat (~9% in each). The class, Deltaproteobacteria 
includes several sulfate reducing bacteria, and were enriched in the shallow calcareous 
knobs (21%), followed by the cheesecake mat (16%). The lowest percentage of 
Deltaproteobacteria occurred in the deeper-water pinnacle mound (5%) and cauliflower-
top mushroom (6%) mat types. The sulfate-reducing bacteria family, Desulfobacteraceae, 





Deltaproteobacteria were represented by Desulfobacteraceae. Other significant SRB 
members in this class included family Desulfohalobiaceae and Desulfovibrionaceae. 
 
 
Fig. 11. Relative percentage abundance of major bacterial taxa detected in five SL 
microbial mats by analysis of partial 16S rRNA gene. Twelve different major taxa are 
reported along with significant percentages of candidate phyla and unclassified bacteria. 
Note:-Plateau indicates plateau-mushroom microbialite and mushroom indicates 
cauliflower-top mushroom microbialite 
 
The other taxa represented in all mat types included the Spirochaetes, 
Planctomycetes, Alphaproteobacteria, Gammaproteobacteria, Bacteriodetes and 





Rhodobacteraceae belonging to the class, Alphaproteobacteria were detected only in the 
plateau-mushroom and calcareous knobs microbialites.  
Several members of the phyla discussed above include halophilic and brackish-
living bacteria, with many of them also being photosynthetic (e.g., order Chromatiales 
and family Chromatiaceae in the Gammaproteobacteria) and able to survive in 
anoxygenic environments (Imhoff, 2006). Vibrionaceae is yet another anaerobic, 
phototrophic Gammaproteobacteria that represented ~4% of the total calcareous knob 
population. Cyanobacteria were detected at low levels in all of the mat types ranging 
between <1.0 and 3.0 %. The highest levels of cyanobacteria were observed in the 
shallow-water calcareous knobs (~3.0 %), and included family Cyanobacteriaceae, 
Pseudanabaenaceae, Phormidiaceae and order Chroococcales. The other mat types had 
less than 1.0 % relative abundance of cyanobacteria. Other taxa, such as Acidobacteria, 
Verrumicrobia and Lentisphareae were below 1.0 %, while Firmicutes, Actinobacteria, 
Chlorobi, Elusimicrobia, Betaproteobacteria, and Epsilonproteobacteria were present at 
less than 0.1% (Appendix D). A relatively high proportion of the mat populations 
members were classified as candidate phyla, which include bacteria that have not yet 
been cultured in the laboratory, but whose existence has been observed through 16S 
rRNA gene analysis. For example, 11 % and 8.0 % of the cauliflower-top mushroom and 
pinnacle mound population, respectively, were represented by the order HMMVPog-54, 
which had been identified in methane-rich biofilm communities, consisting of a high 
diversity of Deltaproteobacteria (Lösekann et al., 2007). Additionally, bacteria from the 
phyla WS3 (Dojka et al., 1998) occupied anywhere from ~0.6 % in cauliflower-top 







4.1. PHYSICAL, CHEMICAL, AND OPTICAL CHARACTERIZATION OF  
  STORR’S LAKE WATER 
 
The water parameters in SL exhibited high fluctuation, primarily influenced by 
rainfall events (Table 1). The water was always turbid, but during periods of heavy 
rainfall, the lake may overall possess lower turbidity values and a relatively clear-water 
brackish lens and associated water mixing zone may migrate outwards into the deeper 
portions of the lake. Rainfall events were reported to cause considerable dilution of the 
lake water, resulting in lowered salinity and an increase in the metabolism of the 
phototrophic community in the lake (Pinckney et al., 1995; Paerl et al., 2003). The 
lowering of salinity following rain events were confirmed in the present study and we 
measured some of the lowest salinity values ever reported for SL.  The balance between 
the increased consumption of dissolved CO2 due to phototrophic activity and the amount 
of freshwater seeping into the lake likely affected the pH changes seen between the 
different sampling years. Vertical changes in water chemistry at any particular location 
were not too significant in SL, except during periods of heavy rainfall. Dissolved oxygen 
decreased from shallow to deeper portions in the lake, thus potentially affecting the 
anaerobic and aerobic microbial mat population. Changes in water depth and therefore 
the availability of sunlight either positively or negatively affect the growth of shallower 
calcareous knobs, and to a certain extent, the deeper microbialites or the mats. The deeper 
microbial mat community compositions likely are influenced by changing light 
conditions. Increased turbidity over long time intervals lead to decreased light penetration 





cyanobacteria. During the low salinity and high lake level period of the 2012 and 2013 
visit, the lake was also inhabited by a species of fish (Appendix B). Dissection of the 
fish’s stomach and intestine in the laboratory at GRC revealed calcium carbonate 
fragments, indicating that the fish have been feeding on the microbialites. Thus, the lake 
could allow gastropods and fish to inhabit its water during periods of relatively low 
salinity (Garrett, 1970). This occasional presence of eukaryotic organisms that depend on 
the microbial mats for their food is important when considering external factors that 
affect the growth and development of the microbialites. 
The reddish-brown color in the lake is most likely imparted by two sources: (i) the 
organic tannins brought in by the brackish water draining into the lake through a man-
made conduit on the western shore, and (ii) the presence of planktonic communities of 
halophilic alga and bacteria, which are usually enriched in carotenoid pigments contribute 
to the reddish coloration (Mann and Nelson, 1989; Oren and Rodr  guez-Valera, 2001).  
The turbidity in the lake is caused by particle surficial processes, such as electrostatic 
repulsion that keep the suspended biogenic particles from flocculating. Bacteria, algae 
and most organic material have a net negative surface charge, causing these particles to 
repel from each other, enabling the material to become colloidal and remain suspended 
rather than settling to the bottom (Appendix B). These data certainly support the log-term 
suspension of particles in the water (Fig. 3).  Living photosynthetic, planktonic 
microorganisms seeking sunlight for their metabolism would also swim towards the 
surface of the water during day. After death, they would sink to the bottom, providing 
organic and nutrient sources to the mat community. Neumann et al., (1989) suggested 





mat material to the surface. A similar process, possibly involving other gas components 
as well, could be presumed to occur with the deep water microbial mats. Additionally, 
high wind activity seen in the lake could possibly agitate the water, thus keeping the 
particles suspended, although the stratification observed in dissolved oxygen profiles 
suggests that complete and rapid vertical mixing is hindered. It should be noted that the 
lake was not drastically influenced by tidal activity due to limited connectivity to the 
ocean, though abnormal high or low tides could influence the lake parameters (Mann and 
Nelson, 1989).  In addition to the above factors, freshwater inflow during rain and storm 
events would also affect the changes seen in turbidity, pH, salinity and other water 
parameters. Density changes due to seasonal or diurnal warming-cooling and evaporative 
concentration of dissolved components also conceivably play a role in influencing the 
water parameters.  
Earlier investigation of the lake water by Mann and Nelson (1989) observed only 
a minor and gradual stratification in the lake, noting salinities of 92, 93 and 93.5 ppt at 
surface, 30cm and 60 cm depths, respectively. McNeese (1988) noted that the salinity in 
the lake ranged from 70 to 100 ppt during the months of December to May.  Brigmon et 
al. (2006) presented a more thorough water chemistry analysis of water samples collected 
from six locations close to the shore at depths between 0.1 and 0.5 m. The dissolved 
oxygen content from their study varied from 0 to 5 mg/L., Brigmon et al. (2008) sampled 
water from 12 locations in the northern section in July 2001, along a similar transect as 
our current investigation and previous studies (Mann and Nelson, 1989; Neumann et al., 
1989).  The Brigmon et al. (2008) study reported higher average dissolved oxygen values 





and dissolved oxygen were reported to follow an increasing trend from the western shore 
to the middle of the lake. The salinity trend was consistent with our 2013 readings when 
the water input from the conduit was prominent because of the heavy rainfall. The 
southern sector of SL has been studied for its water and characteristics of more recent 
microbialites (Fowler, 2011; Dupraz et al., 2013). Fowler (2011) analyzed water samples 
from four different locations and depths in the relatively shallower southern section of SL 
during June 2010. The average salinity and temperature of the lake was ~60 ppt and 
~40°C, respectively, with the pH ranging from ~8.1 to ~8.6. Our pH values are within 
range (8.2 to 8.6) to those of Fowler’s. Averaged values of calcium-661 ppm, 
magnesium-6,466 ppm, sodium-26,616 ppm, chloride-45,050 ppm and sulfate-6,204 ppm 
were reported for the southern section. Our average water calcium concentration was 
higher than Fowler’s in 2011 (990 ppm), slightly lower in 2012 (503 ppm), and almost 
similar in 2013 (689 ppm). It is likely that the southern section being shallower than the 
northern section would be strongly influenced by evaporation and therefore exhibits 
higher ionic concentrations. Water conductivity during cursory visits to the northern 
section of the lake in May of 2004, 2005 and 2009 were also measured. The respective 
values were 98.3 mS/cm (~66 ppt), 108 mS/cm (~72 ppt) and 40.6 mS/cm (~26 ppt). 
The light intensity values obtained by using the HOBO probe gave a precise 
measurement of the low amounts of sunlight reaching the lake bottom. In 2012 and 2013, 
the average turbidity was 96 (±12) and 135 (± 12). Correspondingly, the light intensity 
reaching depths of ~100 cm in both these years were 200-600 lumens/ft
2
 and 12 
lumens/ft
2
, respectively. The correlation observed between the turbidity and light 





the bottom was likely scattered between particles as it penetrated through the water 
column (Figs. 3 and 6). This small amount of light reaching the bottom of the lake might 
be able to support a photosynthetic community on the microbialites as evident by the 
microbial diversity results (Fig. 11). In one recent study, cyanobacterial mats showed 
maximum photosynthetic efficiency under light-limiting conditions (Al‐Najjar et al., 
2012). During times of high irradiance, considerable energy is used in dissipating the 
excess light energy, resulting in photosynthetic rates comparable to those obtained during 
low light conditions. The floating planktonic community in SL would probably absorb 
the light intensity during periods of high irradiance, allowing partial amount of sunlight 
to enter the deeper regions of the lake. Such a scenario may in fact trigger the activity of 
the phototrophic community in this region.  
The wavelengths of the penetrating light are also important in governing the 
phototrophic system. For a cyanobacterial photosynthetic community to function, it 
requires light of wavelengths between 400nm to 700nm (Jørgensen et al., 1987). 
However, some photosynthetic communities are capable of surviving in wavelengths of 
the extended spectrum of visible light (ultraviolet and infra-red), having developed 
specialized pigments and enzymes capable of using such fractions of light (Castenholz 
and García-Pichel, 2000; Kühl et al., 2005). Phototrophic green sulfur bacteria, for 
example, contain light-harvesting antennae (chlorosomes) that make them well-adapted 
to survive in low-light conditions (Frigaard and Bryant, 2004). The HOBO light probe 
used for SL water analysis measured a full array of wavelengths from 200 to 1100 nm, 
but unfortunately does not differentiate between the different wavelengths. A robust light 





the water column to the microbialite heads is essential for determining the amount of 
light that could be actually used for photosynthesis by these communities. Along with 
previous studies done in the lake, our investigation suggests that SL is one of the very 
few environments that harbors modern, active microbialites that form under surface 
conditions with limited light availability (Mann and Nelson, 1989; Neumann et al., 1989; 
Dupraz et al., 2013).  Other examples of light-deprived, active microbialites are the 
carbonate features associated with the deep-sea methane seeps in the Black Sea (Bailey et 
al., 2009) and the Pavilion Lake microbialites (Laval et al., 2000). 
 
4.2. DISTRIBUTION AND MINERALOGY OF MICROBIALITES 
The overall distribution of the microbialites and their associated microbial mats in 
SL have been sufficiently described by previous studies (Neumann et al., 1989; Mann 
and Nelson, 1989), and was suggested to be influenced by the water depth and light 
availability. It was difficult to locate and identify the exact types and distribution of all 
the microbialites over any significant aerial distribution within the lake due to the water 
turbidity. It was only possible to identify the deeper water microbialites by sensing them 
using one’s foot while slowly wading in the lake’s water. The actual distribution of the 
different microbialite morphologies in SL thus remains poorly understood, although 
Mann and Nelson (1989) and Neumann et al., (1989) provide a generic base map by 
which to evaluate this variable in any future studies. The overall external morphology of 
the cauliflower-top mushroom microbialite was similar to the plateau-mushroom type, 
but closer observation revealed differences in laminations and appearance. Hence, the 





addition to the previously identified microbialites, a new morphotype of the microbialite 
termed ‘multi-cuspate’ that had limited microbial mat material is reported here. It was 
initially suspected that the lack of prominent microbial mat on the surface of these multi-
cuspate microbialite could have been due to long periods of exposure out of the water, 
during times of less rainfall and high evaporation. Since these were located at almost the 
same water level as the calcareous knobs, the fall in water level would have affected the 
calcareous knobs as well, but this did not seem to be the case. Probably the deposition of 
sediment wash-out from the nearby Cactus Island during rain or storm events and could 
have led to the partial destruction of the mats in the multi-cuspate type (Pratt, 1982). A 
previous modeling study revealed that the different morphologies exhibited by SL 
microbialites were influenced due to light availability, water depth and salinity (Dupraz 
et al., 2006). The microbial community would shift depending on these extrinsic and 
intrinsic parameters, influencing the pattern in the precipitation of the carbonate minerals, 
and in turn the overall morphology of the microbialites.  
In addition to the previously reported Mg-calcite mineralogy of the microbialite 
heads, we also identified considerable amount of aragonite in the pinnacle mound and 
plateau-mushroom microbialites (Fig. 7). All previous studies of SL microbialites 
reported only the presence of Mg-calcite and no aragonite (Hattin, 1982; Pentecost, 1989; 
Neumann et al., 1989; Fowler, 2011). The different analytical results between the current 
study and previous investigations can only be speculated upon.  Several of these authors 
focused their investigations on the near shore and shallow-water bulbous crust 
(calcareous knobs) mounds, the same samples that we also found to contain undetectable 





nodes and laminae of calcified components of the ‘heads’ by XRD, but did not specify 
the type of the microbialite that was analyzed.   
In the present study, we observed that the mole % Mg in the carbonate minerals of 
the pinnacle mound type microbialites, initially decreased from the top to middle 
positions (PM-1b-C to PM-3b-S) but then increased, moving from the middle towards the 
bottom of the microbialite (PM-4b-C). With the XRD analyses, the aragonite % 
decreased from PM-1b-C to PM-2b-C and PM-5-C; and then increased again, reaching 
the highest values with samples PM-4b-C and PM-6-S (Figs. 7A and 7B; Table 2). 
Calcite can accept a higher proportion of Mg in its crystal structure relative to aragonite, 
especially when the calcite is precipitated in biologically mediated reactions (Weiner and 
Dove, 2003). Aragonite does not readily accept Mg in its crystal structure and thus 
aragonite content should be inversely correlated with Mg content. The results obtained 
generally support this expectation, but there were clear anomalies. For example, both the 
aragonite percentage and Mg content reach their maximum values with sample PM-4b-C 
(22% aragonite and 15.1 mole % Mg; Table 2).  Thus the Mg/Ca ratios may be controlled 
more by processes associated with calcite formation rather than exclusionary processes 
arising from the formation of aragonite. The incorporation of the other calcium carbonate 
forming organisms, such as gastropods (Neumann et al., 1989) and diatoms in the 
microbialite structure could also possibly influence the variation seen in mineralogical 
composition. The presence of aragonite was further confirmed by the correlation seen 
between Sr and Mg concentration analyzed (Table 2). The large radius of Sr
2+
 (1.18 Å) is 
more readily accepted into the aragonite structure, while the smaller Mg
2+





are preferentially incorporated as a replacement for Ca
2+
 (1.00 Å) in calcite (Krauskopf 
and Bird, 1967).  
The mineralogy of both fossil and modern microbialites may be useful in 
determining ambient water conditions in the past. Alternating formation of aragonite, 
calcite and other minerals in microbialites had been investigated previously in 
interpreting the formation of the microbialites and the conditions that existed during the 
different phases of the microbialite growth (Arp et al., 2003; Spadafora et al., 2010). The 
factors controlling carbonate mineral phase precipitation are complex and often 
interdependent. For example, oscillations in the Mg/Ca ratio of seawater are reported to 
induce the formation of low-Mg calcite when the ambient Mg/Ca molar ratio is <1, high-
Mg calcite forms when the ratio is between 1–2, and high-Mg calcite plus aragonite form 
when the ratio is > 2 (Füchtbauer and Hardie, 1976; Hardie, 1996; Stanley, 2006). Other 
competing ions, sulfate for example, have been shown to favor aragonite precipitation by 
decreasing the Mg/Ca ratio to a point where calcite is destabilized and aragonite becomes 
dominant (Bots et al., 2011). The calcite and aragonitic composition in SL microbialites 
could therefore be partially or completely dependent on the past composition of the lake 
water. The saturation state of the carbonate minerals in water has also been shown to be 
an essential component in determining microbialite development (Dupraz and Visscher, 
2005). The saturation index values for current SL water obtained by using PHREEQ 
program indicated that calcite precipitation is favored over aragonite, when only 
equilibrium considerations are made. Though the microbial mats can drastically alter the 
availability of ions, such as calcium and bicarbonate in the micro-environment that they 





controlling the mineralogy of the microbialites. The lake began to close around 3,100 
years ago due to shifting tidal sands and the carbon dating revealed that the microbialites 
began to form at least 2,310 years ago (Zabielski, 1991; Paull et al., 1992). This indicates 
that ocean water could have influenced the chemical composition of SL water, and in turn 
the microbialites, but terrestrial and evaporative processes likely would have increasingly 
influenced the lake water composition after the basin became isolated from direct tidal 
input. Given the fluctuations observed in the lake water parameters even in this three year 
study, it is likely that the lake exhibited similar and more drastic changes in its 
composition during the history of the lake. Park (2012) reported that the sedimentation 
rates were influenced by the hurricane and tropical storm events, which led to the 
‘freshening’ events in the southern Fortune Hill Basin portion of the lake. Five sediment 
overwash episodes were reported due to hurricane events in the past 233 years for the 
Fortune Hill portion of the lake. Furthermore, the Park study suggested that prior to 700 
years before present (ybp), gypsum and halite were precipitated in the lake, indicating 
that the conditions were arid with higher salinities. In addition to the stronger hurricane, 
the frequency for which averages once every 46.6 years, tropical events and weaker 
hurricanes could have freshened the lake more frequently as indicated by the changes in 
water parameters in our studies. Perhaps, such environmental changes with the 
accompanied microbial population shift (Pinckney et al., 1995; Paerl et al., 2003), were 
responsible for favoring the precipitation of one carbonate mineral over the other in the 
microbialites. 
In addition to the overlying and pore-water chemistry, other factors influence the 





polymeric substances (EPS) produced by the microorganisms within the microbial mat 
have been identified as a key component in controlling the shape of the crystals (Fig. 9; 
Braissant et al., 2007). It is suspected that the type of microorganisms present in the mat 
could also control the mineralogy of the microbialites. Both sulfate-reducing bacteria and 
cyanobacteria, the two main groups of microbes involved in carbonate mineralization are 
capable of producing a variety of carbonate mineralogy, such as Mg-calcite, dolomite, 
aragonite, and intermediate to amorphous forms of some of these minerals (Thompson 
and Ferris, 1990; Van Lith et al., 2003).  Microbialites from Lake Van, Turkey possesses 
both aragonite and Mg-calcite in its composition, with the former being suggested to have 
been directly precipitated by cyanobacterial and heterotrophic bacterial activity (Kempe 
et al., 1991; López-García et al., 2005). 
Diagenesis and recrystallization may also influence the mineralogy of the 
microbialites. Such alterations would be more likely to occur in the older microbialites. 
The observed zoning of a Mg-calcite rich core zone surrounded by more aragonite 
enriched exterior zones (Fig. 7; Table 2) may reflect diagenetic transformation of 
aragonite to calcite over time, especially if the cores of the pinnacle mound types 
represent older microbialite growth. Diagenetic changes that occur, if significant, would 
render the microbialite structures less useful for paleoenvironmental investigations. The 
deeper, aragonite-containing sections of the pinnacle mound microbialite structure exist 
near a point where the structure (sample PM-4b-C) could have been buried under the 
organic-rich sediment ooze at the bottom of the lake and not directly exposed to the water 
column above. The causes for the variation in mineralogy thus likely involves a 





changes in microbial populations with a preference for a particular mineralization 
process.   
 
4.3. MICROBIAL MAT DIVERSITY 
Earlier studies of SL microbialites have described the physical nature of the 
microbial mat and microbialites (Neumann et al., 1989; Mann and Nelson, 1989; Paerl et 
al., 2003; Dupraz et al., 2006). Very few genetic studies have been performed to 
investigate the microbial diversity of the mats and even those examinations focused 
specifically on the near-shore and shallow water calcareous knobs (Brigmon et al., 2006). 
The current effort provides a comprehensive coverage of the microbial population in mats 
on the surface of four different microbialites and the cheesecake mat not associated with 
the microbialite heads. Given the limited scope for this portion of the study, we were 
unable to sample duplicate morphological types, and thus were unable to determine if the 
difference observed in communities were a localized phenomenon, or reflect the 
microbial populations over a larger region of the lake. In general, however, the 
pyrosequencing effort was able to capture the microbial diversity of the mats 
successfully, generating a large number of sequences from the partial 16S rRNA gene 
and corresponding OTUs (Table 3). Clustering analysis revealed that the cauliflower-top 
mushroom and pinnacle mound clustered together in the UPGMA tree indicating that the 
bacterial diversity and abundances were phylogenetically comparable between these two 
types (Fig. 10). On the other hand, the shallow water calcareous knobs and plateau-
mushroom type grouped together. The cheesecake mat that was not associated with the 





the tree. The cheesecake mat was collected from a location (labeled as ‘ooze’ in Fig. 4) 
between the calcareous knob-plateau and the further off-shore cauliflower top-pinnacle 
mound pair, thus preferably representing a transition microbial population between the 
two groups. The bacterial population in calcareous knobs had the highest coverage (90 
%) indicating that ~10 % of the sequences were not identified. A high percentage of the 
bacterial population (11- 36 %) in all mat types was unknown, indicating that potentially 
novel and previously unidentified microorganisms are present in the SL mats (Fig. 11). 
Sequencing of only a fraction of the 16S rRNA gene could also be responsible for the 
high percentage of unknowns observed. It is important to note that species richness and 
equitability as determined by the alpha diversity index values were possibly affected by 
the length of the amplicons generated (Engelbrektson et al., 2010) that could contribute to 
a higher apparent diversity. However, the 97 % threshold limit would serve to eliminate 
some of the artifacts and to reduce overestimations associated with analysis process 
(Huse et al., 2007).  
In SL mats, the amount of cyanobacteria detected, especially in the deeper mats 
was extremely low. The turbidity in the lake and consequently, the lower amount of 
sunlight (Fig. 6) reaching the deeper portions, possibly in addition to the hypersaline 
conditions, could explain the lack in abundance of the light-dependent cyanobacteria 
(Marcarelli et al., 2006). Though cyanobacteria, capable of growing in hypersaline 
conditions, generally have a wide range of salt tolerance (Green et al., 2008), the activity 
and population can be negatively affected during times of peak hypersaline conditions 
(Nübel et al., 2000; Abed et al., 2007). This has been shown to occur even in SL 





showed a small percentage of cyanobacterial population in our study (~3%), while they 
were not detected in the deeper cheesecake, cauliflower-top mushroom and pinnacle 
mound mats. In contrast, several anaerobic photosynthesizers of phyla Chloroflexi (e.g., 
green non-sulfur bacteria) were identified even in these deeper mats in spite of the low 
amounts of sunlight received at these depths. Certain species of green sulfur bacteria 
under the taxa, Chlorobi are well-adapted to photosynthesize under low-light conditions 
(Overmann et al., 1992). However, these bacteria were insignificant in all of the 
microbial mats in SL, with a highest of ~0.3% in the shallow calcareous knobs.  As 
described earlier, the dissolved oxygen available at the deeper sections of the lake was 
also low, thus potentially promoting the growth of anoxygenic bacteria that are capable of 
performing photosynthesis, even in limited sunlight. The pigments in both cyanobacteria 
and purple sulfur bacteria can utilize a wide range of wavelengths, mostly the longer 
wavelengths ranging from blue-green to near-infrared spectrum (Shukla et al., 2012).  
However, some bacteria are capable of fine-tuning their light needs by responding to the 
pre-dominant wavelengths received. Another example of a microbial mat that had large 
amounts of Chloroflexi identified through molecular analysis, but limited cyanobacteria 
was the hypersaline mats of Guerrero Negro, Baja California, Mexico (Ley et al., 2006). 
Although cyanobacteria were suggested to contribute to the biomass in the top few 
millimeters of those mats, Chloroflexi dominated the overall distribution. Contrary to SL 
environment, Guerrero Negro mats do not have high turbidity waters or lithified 
microbialitic structures.  In SL mats, members of purple sulfur bacteria of the class, 
Gammaproteobacteria, prevalent in the shallow calcareous knobs, can oxidize hydrogen 





presence of these phototrophs was a positive indicator that light, albeit in low amounts, 
reaches the lake bottom with enough intensity to stimulate the metabolic activity of 
Gammaproteobacteria. Fermenters, such as members of class Phycisphaerae (maximum 
of 7% in the cheesecake microbial mat), and phyla Spirochaetes were also present in the 
microbial mats, indicating the metabolically diverse population that are present in these 
mats (Magot et al., 1997; Fukunaga et al., 2009; Dubinina et al., 2011; Lee et al., 2013). 
Fermentation is important as the microorganisms that perform the process obtain energy 
by oxidizing the organic acids produced by the phototrophs, thus ensuring the cycling of 
carbon within the microbial system.  
 
4.4. MICROBIAL INFLUENCE ON CARBONATE MINERAL PRECIPITATION   
AND LITHIFICATION 
In terms of calcification in microbial mats, the activity of phototrophs and sulfate 
reducing bacteria are of primary importance (Dupraz and Visscher, 2005). Increase in 
pH, alkalinity, Ca
2+
 activity, removal of CO2 and the synthesis/breakdown of copious 
amounts of EPS, are favorable conditions or events that can induce the precipitation of 
carbonate minerals. These changes occur in the microenvironments created by the 
microorganisms, where EPS material, the bacterial cell, or existing carbonate minerals act 
as nucleation sites. On the other hand, the activity of other bacterial groups within the 
mat, such as aerobic heterotrophic bacteria, sulfide oxidizing bacteria and fermenters 
could lead to dissolution of carbonate minerals. The net precipitation/dissolution reaction 
occurs as a balance between these metabolically diverse groups. With our current 
understanding of SL microbial community, any comparison between the microbial 





our study suggests that the distinct microbial community in each of the mats investigated 
may indeed play a role in the controlling the precipitation and lithification activity. 
Furthermore, the microbial community likely influenced the overall morphology of the 
microbialite, in addition to other governing factors, such as water depth and light 
availability. Further confirmation by sampling multiple heads over a greater aerial extent 
of the lake is therefore needed.  
The microbialites at the deeper locations were earlier suggested to be inactive or 
‘sub-fossilized’ (Dupraz et al., 2006; Fowler, 2011). Though the presence of key 
microbial communities in all mat types including anaerobic phototrophs and sulfate-
reducers (except for cyanobacteria) was noted, whether these microorganisms are 
actively contributing to carbonate mineral precipitation on the microbialite head is not 
certain (Fig. 11). In the absence of cyanobacteria, carbonate mineralization can possibly 
occur with the activity of SRBs and anoxygenic phototrophs (Visscher et al., 2000; 
Dupraz and Visscher, 2005). Considering the possibility that only shallow-water 
calcareous knobs microbialites are the ‘actively’ forming microbialites, the SRB families 
in class Deltaproteobacteria (~18%) was still higher than the phylum Cyanobacteria 
(~3.2%) in these mats, indicating that the SRB may be playing an active in carbonate 
mineral precipitation in the other mats.  As the SRBs and anoxygenic phototrophs were 
present in significant percentages in all mat types, it is possible that these two groups 
dominantly influence carbonate mineralization.  The role of SRB in the precipitation of 





coated Ag-foil technique (Visscher et al., 2000), where maximum SRB activity has been 





Lake Van, Turkey have been suggested to have been precipitating aragonite dominantly 
through heterotrophic bacterial activity (Kempe et al., 1991; López-García et al., 2005). 
If the aragonite in SL microbialites is precipitated by the influence of the microbial 
communities, then it could have possibly occurred due to the heterotrophic activity, rather 
than cyanobacteria. Furthermore, the absence of aragonite in the shallower calcareous 
knobs, where cyanobacteria (though in small percentage - ~3%) was identified, could be 
suggestive that the carbonate mineral precipitation in the deeper microbialites, have more 
of a heterotrophic influence. However, the lack of aragonite in the deeper cauliflower-top 
microbialites cannot be explained through this interpretation.  
In a typical microbial mat, the photosynthetic cyanobacteria act as the primary 
producer, providing carbon sources for the other inhabitants in the mat (Dupraz and 
Visscher, 2005). With the apparent lack of cyanobacteria in the deeper mats at SL, 
organic material for the heterotrophic community members must be provided by other 
sources. Large amounts of floating organic material, along with dead and decaying matter 
that eventually would fall to the bottom could serve as sources of energy and organic 
substrates to the other members of the mat, thus by-passing the need for the 
photosynthetic cyanobacteria to be directly attached to the microbialite mat surface. 
Other minor organic sources could be the leaves and plant remains from the mangrove 
and other plants surrounding the lake and in the Cactus Island. Fragments of leaf material 
were indeed found in the gelatinous sediments on the bottom of the lake. Dissolved 
tannins, resulting from the breakdown of these mangrove leaves could also contribute as 
a minor carbon source. Colorless sulfur bacteria and purple sulfur bacteria 





Gemerden, 1993). These collaborate with SRBs, by oxidizing the reduced sulfides 
produced by SRB activity, thus cycling sulfur and carbon within the microbial mat 
system. 
The microbial community of the cheesecake mat, not associated with any 
microbialite head, was more closely clustered with the calcareous knobs and plateau- 
type mounds than with the cauliflower and pinnacle mound. However, many of the 
bacterial population were shared between these two groups, though in varying 
percentages. For example, plateau-mushroom and cheesecake mats had comparable 
percentages of few major phyla, such as Chloroflexi, Planctomycetes, Spirochaetes, and 
the class Deltaproteobacteria. None of the other major phyla of the deeper pinnacle 
mound or cauliflower-top mushroom-shaped matched closely to those of the cheesecake 
mat, except for the apparent lack of cyanobacteria in all these mats. The SRB-dominated 
Deltaproteobacteria was present in both lithifying plateau-mushroom (13%) and 
calcareous knobs (21%), as well in the cheesecake mat (16%), while they were slightly 
lower in the cauliflower-top mushroom (4%) and pinnacle mound (6%) mats. Based 
solely on microorganisms and their role in carbonate mineral precipitation, it is surprising 
that the cheesecake microbial mat had no association with lithified microbialites, given 
that the microbial population was similar to other mats occurring on carbonate mounds, 
such as those on the surface of calcareous knobs or plateau-mushroom. However, the 
cheesecake mat had a friable, loosely bound calcified layer at ~10 cm below the 
laminations. Whether this calcified layer is due to microbially-influenced precipitation or 
washed out carbonate debris material (e.g., hurricane deposits) is unknown. In Salt Pan 





shore to the deeper regions of the lake showed a transition from lithified carbonate 
mineral crusts near the shore to columnar shaped calcium carbonate structures and only a 
gelatinous, non-lithified mat at the deepest portions of the lake (Dupraz et al., 2004). 
Cyanobacterial photosynthetic rates and the activity of other microbial processes, such as 
sulfate reduction and aerobic respiration, were suggested to occur at high rates near the 
shore, resulting in net precipitation. In the case of SL, the distribution of different 
morphotypes of lithified microbialites with intermittent sections of gelatinous mats both 
within the same microbialite heads and between the different types of microbialites 
indicated a more complex distribution pattern than that is reported for Salt Pan. In 
addition to the abundance of the microorganisms, it is also important to determine the 
metabolic rates to better understand the carbonate mineral precipitation mechanism 







Previous investigations of SL water, ecosystem and microbialites provide an 
excellent background of the respective lake characteristics (Mann and Nelson, 1989; 
Neumann et al., 1989; Pentecost, 1989; Paull et al., 1992; Brigmon et al., 2006; Fowler, 
2011; Dupraz et al., 2013). Our research adds to the existing literature and extends the 
analysis and interpretation of: (i) the water parameters, (ii) microbialite distribution and 
mineralogy, and (iii) the microbial mat composition through the use of novel molecular 
tools. One of our main findings was the identification of aragonite as a significant part of 
the microbialite mineralogical composition in the plateau-mushroom and pinnacle mound 
microbialites. A new microbialite morphology ‘multi-cuspate’ was identified near to the 
Cactus Island. Secondly, our extensive molecular diversity analysis of the microbial mats 
revealed that the cyanobacterial population was generally low and not detected in the 
deeper microbial mats. The lack of cyanobacteria is likely explained by the combination 
of less intense sunlight reaching those depths and the hypersaline conditions. On the 
contrary, a plethora of anaerobic phototrophs existed even in the deeper mats, indicating 
that factors along with light, such as oxygen availability or the lack of it at those depths 
probably affected the distribution of the phototrophs. Whether the deeper water 
microbialites (plateau-mushroom, cauliflower-top mushroom and pinnacle mound) are 
still actively precipitating carbonate minerals is not yet known with certainty. Sulfate-
reducing bacteria and anoxygenic phototrophs are suspected to play a dominant role in 
carbonate mineralization in all of these mats. 
Our molecular diversity analysis did not specifically target archaeal or 





with eukaryotic organisms, and moreover, hypersaline microbial mats have been shown 
to consist of a substantial archaeal population (Robertson et al., 2009), further analysis 
targeting these populations would lead to a better understanding of the complete mat 
diversity. Furthermore, additional DNA and RNA- based studies over different temporal 
and spatial scales (diel cycle, seasonal cycle, millimeter-scaled sectioning of the 
laminated mats, etc.,) would help to model the metabolic assortment in these mats, 
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Carbonate mineral precipitation ability of SRB was investigated under various 
pCO2 conditions. The SRB-dominated community from Lake Estancia was capable of 
carbonate mineralization by inducing an increase in pH and providing nucleation sites for 
mineral formation up to < 20 psi pCO2. The ability of SRB to synthesize EPS and induce 
carbonate mineral precipitation could be potentially used in GCS applications, where in 
addition to trapping and sealing the reservoir, mineral sequestration could also be 
accomplished at the distal ends. Hydrogen, lactate and formate served as energy sources 
for the SRB community. Isotope studies indicated that the carbon in the carbonate 
minerals is precipitated from the CO2 gas, the organic electron donor and the bicarbonate 
ions in the solution.  
Storr’s Lake water, ecosystem and microbialites was characterized in order to 
understand the complex biogeochemical role involved in the formation, distribution and 
growth of the microbialite. One of the main findings was the identification of aragonite as 
a significant part of the microbialite mineralogical composition in the plateau-mushroom 
and pinnacle mound microbialites. Extensive molecular diversity analysis of the 
microbial mats revealed that the cyanobacterial population was generally low and not 
detected in the deeper microbial mats. On the contrary, a plethora of anaerobic 
phototrophs existed even in the deeper mats, indicating that factors along with light, such 
as oxygen availability or the lack of it at those depths probably affected the distribution 
















CALCULATING ACCURACY AND PRECISION FOR DIFFERENT KNOWN 
STANDARDS: IN-SITU WATER MEASUREMENTS 
 
While analyzing Storr’s Lake, Lake Estancia and Great Salt Plains Lake water in-
situ, known standards were analyzed at the beginning, during and at the end of the 
measurements. Given below are the formulae used to calculate accuracy and precision 
from these standard runs.  
Average % Accuracy = ± [(KSV-Average value)/(Average value)*100] 
Maximum Error % = ± [(KSV-MDV)/(KSV)*100]  
KSV- Known Standard Value; MDV-Maximum Deviated Value (given in bold)  
Precision reported as % Relative Std. Dev. (% RSD) = Std. Dev. / Average * 100 
A compilation of the results obtained from such standard analysis are provided in 





































Average 3.99 6.99 9.96
Std. Dev. 0.04 0.03 0.02
Average % Accuracy -0.4 -0.2 -0.4
Maximum  Error % -1.0 -0.7 -0.7

















Standards DIW 6.11 60.2 554
- 6.07 59.4 547
- 6.03 59.3 557
- - 59.0 -
0.20 5.96 59.1 546
0.29 5.25 51.6 486
0.27 5.17 51.1 488
Average 0.25 5.70 56.6 525
Std. Dev. 0.05 0.45 4.06 35
Average % Accuracy - -6.8 -6.0 -5.3
Maximum  Error % - -15.4 -15.1 -12.3





Standards 1.412 10 50 100.8 1,008 10,000 100,108
104.3 1,008
102.3 998
- - 53.8 123.9 1,082 11,380 113,700
- - 53.7 100.0 - - -
- - - 99.8 - - -
- - - 100.6 - - -
- - - 99.8 - - -
1.393 9.93 - 101.4 - - -
1.467 - - - - - -
Average 1.430 9.93 53.8 104.0 1,029      11,380      113,700      
Std. Dev. 0.05 - 0.07 8.2 45.9 - -
Average % Accuracy 1.3 -0.70 7.5 3.2 2.1 13.8 13.7
Maximum  Error % 3.9 -0.70 7.6 22.9 8.2 13.8 13.7
























Average % Accuracy -21.2
Maximum  Error % -76.6








CALCULATING ACCURACY FOR DIFFERENT KNOWN STANDARDS 
DURING ICP-OES ANALYSIS 
 
Accuracy and precision were calculated as before with known standards that were 
tested at the beginning, during and at the end of ICP-OES analysis. A compilation of the 




Si Fe Ca Mg K Na Al Mn
0.095 0.101 0.100 0.105 0.112 0.165 0.113 0.101
- 0.098 0.098 0.101 0.102 0.096 0.100 0.094
0.095 0.100 0.099 0.103 0.107 0.131 0.107 0.098
0.000 0.002 0.001 0.002 0.005 0.035 0.007 0.004
5.00 0.50 1.00 -3.00 -7.00 -30.50 -6.50 2.50













Calculating accuracy from ICP-OES analysis (contd.) 
 
 
Si Fe Ca Mg K Na Al Mn S B Sr Li
0.999 1.020 0.979 1.070 1.090 1.140 1.020 1.010 1.210 1.210 0.941 1.040
0.993 1.020 0.971 1.060 1.090 1.150 1.030 1.010 1.160 1.080 0.934 1.010
0.966 0.976 0.933 1.040 1.080 1.120 1.020 0.992 1.380 1.020 1.020 1.060
0.979 0.999 0.961 1.060 1.100 1.060 1.020 0.996 1.350 1.020 1.010 1.060
0.993 0.888 0.983 1.030 0.978 0.909 1.040 0.962 1.380 1.010 1.010 1.050
0.961 0.994 1.140 1.110 1.110 1.070 0.982 0.995 1.140 1.120 0.950 1.060
1.090 1.150 1.150 1.110 1.100 1.070 - - 1.340 1.110 0.952 1.030
1.100 1.160 1.050 1.040 1.080 1.020 - - 1.070 1.050 0.930 1.010
1.010 1.100 1.030 1.040 1.050 1.020 - - 1.150 0.980 0.922 0.973
1.010 1.090 1.040 1.050 1.060 1.000 - - 2.060 0.833 1.010 1.010
1.000 1.070 1.040 1.040 1.020 1.000 - - 1.710 0.814 0.972 0.967
0.940 1.060 1.010 1.030 0.998 1.010 - - 1.820 1.280 0.964 1.020
0.978 1.020 1.000 1.020 0.988 1.000 - - 1.660 1.130 0.956 1.010
0.977 1.010 1.050 1.060 1.040 1.030 - - 1.780 1.060 0.937 0.988
1.030 1.060 1.020 1.010 1.040 0.981 - - 1.610 1.010 0.938 1.000
1.000 1.040 1.000 1.020 1.010 0.981 - - 1.420 1.030 1.050 1.070
0.985 1.020 - - - - - - 1.350 1.070 1.090 1.130
1.001 1.040 1.022 1.049 1.052 1.035 1.019 0.994 1.446 1.049 0.976 1.029
0.041 0.065 0.058 0.029 0.043 0.064 0.020 0.018 0.282 0.114 0.048 0.041
-0.1 -4.0 -2.2 -4.9 -5.2 -3.5 -1.9 0.6 -44.6 -4.9 2.4 -2.9
-10.0 -16.0 -15.0 -11.0 -11.0 -15.0 1.8 3.8 -106.0 -28.0 -9.0 -13.0































Calculating accuracy from ICP-OES analysis (contd.) 
 
 
Si Fe Ca Mg K Na Al Mn S B Sr Li
9.9 10.0 9.5 10.5 10.6 10.6 10.1 9.9 11.5 10.7 10.8 10.5
9.8 9.7 9.2 10.4 10.4 10.5 10.3 9.6 15.7 10.7 11.0 10.3
9.6 9.7 9.1 10.2 10.4 10.4 9.9 9.4 15.8 10.7 11.0 10.3
10.1 10.1 10.2 10.4 10.0 9.8 10.4 10.0 11.5 10.8 10.9 10.6
9.8 10.0 11.0 11.0 10.6 10.5 9.8 10.0 - - - -
10.8 11.3 11.1 10.8 10.6 10.5 - - - - - -
11.0 11.3 10.9 10.9 10.6 10.4 - - - - - -
10.7 10.8 - - - - - - - - - -
10.2 10.3 10.1 10.6 10.5 10.4 10.1 9.8 13.6 10.7 10.9 10.4
0.5 0.7 0.9 0.3 0.2 0.3 0.2 0.3 2.5 0.1 0.1 0.1
-2.1 -3.5 -1.5 -6.0 -4.5 -3.9 -1.2 2.3 -36.3 -7.2 -9.2 -4.3
-10.0 -13.0 -11.0 -8.0 -6.0 -6.0 -3.8 5.6 -58.0 -8.0 -10.0 -6.0






















Calculating accuracy from ICP-OES analysis (contd.) 
Another method of calculating accuracy is through a spike analysis. This analysis 
was performed for randomly chosen samples that were spiked with a certain known 
concentration of the standard solution. The resultant solution will have the spiked 
concentration in addition to its actual concentration. Percentage accuracy obtained from 
three such samples while analyzing Storr’s Lake water is provided here.  
Difference= Spiked sample value – Sample value 
% Accuracy = [(Spike concentration-Difference)/ Spike concentration * 100] 
  
SPIKE ANALYSIS
1 ppm spike Si Ca Mg K Na
Sample 0.07 6.84 20.2 6.33 63.1
Spiked sample 0.21 7.84 22.3 7.05 68.5
Difference 0.14 1.00 2.10 0.72 5.40
% Accuracy 86 0 -110 28 -440
3 ppm spike Si Fe Ca Mg K Na Al Mn
Sample 0.00 0.00 4.94 16.30 5.02 52.60 -0.01 0.00
Spiked sample 3.18 3.17 7.97 19.3 8.28 55.8 3.22 3.12
Difference 3.18 3.17 3.03 3.00 3.26 3.20 3.23 3.12
% Accuracy 6.00 5.67 1.00 0.00 8.67 6.67 7.50 4.00
6.25 ppm spike Si Fe Ca Mg K Na Al Mn
Sample 0.20 0.04 87.40 8.67 0.09 0.30 0.01 -0.07
Spiked sample 6.5 6.28 88.9 14.3 6.52 6.52 6.01 6.11
Difference 6.30 6.24 1.50 5.63 6.43 6.22 6.00 6.18
% Accuracy 0.77 -0.11 -76 -9.92 2.93 -0.54 -3.94 -1.07
Plateau-Deep (1:100)- June 2012
Plateau2-Shallow (1:100)- April 2011






CALCULATING PRECISION FOR SAMPLES DURING ICP-OES ANALYSIS 
 
Precision is the degree of reliability used to determine the repeatability of a 
measurement. The earlier described precision was determined from known standards 
runs, while the calculations shown here are from duplicate measurements of the actual 
water samples. Randomly chosen samples were analyzed in duplicate to determine the 
average and standard deviation for different elements.  





Si Ca Mg K Na
First run 0.07 6.84 20.2 6.33 63.1
Duplicate 0.06 6.77 20.5 6.34 64.3
Average 0.06 6.81 20.4 6.34 63.7
Std. Dev. 0.01 0.05 0.21 0.01 0.85
% RSD 12.2 0.7 1.0 0.1 1.3
Si Fe Ca Mg K Na Al Mn
First run 0.00 0.00 4.94 16.3 5.02 52.6 -0.01 0.00
Duplicate 0.00 0.00 4.94 16.2 5.01 52.5 -0.01 0.00
Average 0.00 0.00 4.94 16.3 5.02 52.6 -0.01 0.00
Std. Dev. 0.00 0.00 0.00 0.07 0.01 0.07 0.00 0.00
% RSD 0.0 0.0 0.0 0.4 0.1 0.1 -12.9 0.0
Si Fe Ca Mg K Na Al Mn
First run 0.20 0.04 89.1 8.67 0.09 0.30 0.01 -0.07
Duplicate 0.20 0.04 87.9 8.61 0.09 0.30 0.01 -0.07
Average 0.20 0.04 88.5 8.64 0.09 0.30 0.01 -0.07
Std. Dev. 0.00 0.00 0.85 0.04 0.00 0.01 0.00 0.00
% RSD 0.7 1.9 1.0 0.5 0.0 2.1 0.0 -3.0
Plateau-Deep1 (1:100)-June 2013
Plateau-Shallow (1:100)- April 2011






WATER ANALYSIS RESULTS FROM LAKE ESTANCIA AND GREAT SALT 
PLAINS LAKE- MAY 2010 
 
Parameters Lake Estancia Great Salt Plains Lake 
pH 7.86 6.79 
Temperature (°C) 31.6 27.5 
Conductivity (mS/cm) 117.6 220.0 
Calcium (ppm) 586 1,168 
Magnesium (ppm)
 
 1,800 965 
Potassium (ppm)
 
 1,364 80 
Sodium (ppm)
 
 17,197 >20,000 
 
Note: Dilution of the lake water caused silica, aluminum, iron and manganese 
concentrations to fall below the detection range of ICP-OES. Concentration of these 
elements in the water would be expected to be < 10 ppm.
 
 
STORR’S LAKE WATER ANALYSIS RESULTS 
Samples collected between March 31 and April 01, 2011. Time-10:00 to 15:00 (EST). Water samples (~20-50 mL) were 
collected at different locations along a transect in the northern section of Storr’s Lake, and several water depth sample profiles 
were also collected. Note:- Plateau: plateau-mushroom type; Mushroom stromatolite: cauliflower top mushroom type 
 
*Indicate water samples collected from locations directly above the respective microbialites 











Calcerous knobs Surface 8.29 -63.1 26.2 6.40 167 159 132.3
~20 cm 8.30 -63.2 26.1 4.40 135.6
~41 cm 8.30 -63.3 26.1 3.68 131.3
Plateau shaped Surface 8.16 -60.9 26.6 5.42 181 165 136.7
~25 cm 8.23 -59.6 27.0 3.39 164 140.3
~51 cm 8.23 -58.1 26.3 2.38 163 135.8
Pinnacle mound Surface 8.15 -56.1 28.4 3.40 179 162 136.2
~25 cm 8.19 -58.3 28.4 3.61 166 151.3
~51 cm 8.20 -59.2 28.3 3.80 177 138.7
~75 cm 8.21 -59.3 28.3 3.08 166 136.5
~100 cm 8.19 -58.3 27.5 2.09 216 136.7
Mushroom shaped Surface 8.15 -57.6 28.3 4.26 184 165 136.5
~25 cm 8.23 -60.8 28.4 4.26 166 138.4
~51 cm 8.21 -59.7 28.4 3.98 165 139.0
~75 cm 8.22 -60.5 27.9 3.68 167 138.4
Average 8.22 -59.9 27.5 3.86 178 169 137.6







STORR’S LAKE WATER ELEMENTAL ANALYSIS BY ICP-OES 
Water samples were collected between March 31
st
 and April 1
st
, 2011. Time- 10:00 to 
15:00 (EST). All concentration values are in ppm. Note:- Plateau: plateau-mushroom 




*Indicate water samples collected from locations directly above the respective 
microbialites. 
Note: Dilution of the lake water caused silica, aluminum, iron, manganese, and lithium 
concentrations to fall below the detection range of ICP-OES. Concentration of these 
elements would be expected to be < 10 ppm.
Location*
Depth Surface ~20 cm ~41 cm Surface ~25 cm ~51 cm
Calcium 973 961 946 978 987 1,020
Magnesium 2,820 2,730 2,720 2,790 2,860 2,890
Potassium 890 877 875 894 906 928
Sodium 25,092 24,090 23,931 24,617 25,224 25,488
Sulfur 2,180 2,080 2,090 2,160 2,220 2,270
Boron 10.3 12.5 10.2 - - -
Strontium 21.1 20.7 20.7 21.1 22 22.1
Plateau shapedCalcerous knobs
Location*
Depth Surface ~25 cm ~51 cm ~75 cm ~100 cm Surface ~25 cm ~51 cm ~75 cm
Calcium 960 1,140 945 1,010 1,140 932 968 953 945
Magnesium 2,940 3,420 2,830 2,930 3,180 2,770 2,880 2,850 2,860
Potassium 969 1,110 919 945 1,010 902 939 922 930
Sodium 25,989 30,079 24,617 25,330 26,913 24,090 24,908 24,327 24,987
Sulfur 2,930 3,390 3,130 3,110 3,480 2,460 2,500 2,570 2,680
Boron - - - - - - - - -
Strontium 23.1 26.1 22.6 21.9 24.4 20.9 20.9 20.8 21.8
Pinnacle mound Mushroom stromatolite
Calcium 991 65
Magnesium 2,898      181
Potassium 934 60
Sodium 25,312    1,534    








Storr’s Lake Water Elemental Analysis (contd.) 
Water samples were collected between June 16 and 20, 2012. Time-10:00 to 15:00 (EST). 
 
Note:    (i) Plateau-1 and Plateau-2 indicate locations directly above two different plateau-mushroom microbialites  
          (ii) Seawater was collected from Dim Bay at the beach opposite to the Salt Pond, located directly south of Storr’s Lake 
(iii) Light intensity was measured using probes stuck to a pole and was measured as the lake was transected 
                  (iv) Dilution of the lake water caused silica, aluminum, iron, and manganese concentrations to fall below the detection    
                         range of ICP-OES. Concentration of these elements would be expected to be < 10 ppm.  
Seawater
Surface 40 cm Surface 30 cm 72 cm Surface 50 cm 104 cm Surface 46 cm Surface
8.47 8.47 8.63 8.67 8.67 8.56 8.56 8.56 8.66 8.65-8.75 8.26 8.58 0.08
-76.5 -59.1 -86.6 -87.6 -88.1 - - - - - - -79.6 12.4
28.8 28.7 29.2 29.3 29.4 27.3 27.3 27.5 30.9 30.3 28.0 28.9 1.2
63.8 63.7 64.3 64.3 64.3 65.2 65.2 60.6 64.6 64.2 53.9 64.02 1.3
96.2 96.3 99.4 101 103 76.3 88.2 81.2 - - - 92.7 9.8
5.53 5.0-5.2 6.92 6.43 5.63 5.22 4.98-5.07 2.30 8.07 6.43-6.52 4.65-4.75 5.73 1.80
113 151 1
1,280    1,370    1,370    1,340    1,320    1,300    1,300    1,400    1,300    1,300    1,060    1,328        40
7,040    7,130    6,820    6,760    7,480    6,500    6,600    7,100    6,900    7,200    5,840    6,953        296
White (cm) - - - - - - - - -
Black (cm) - - - - - - - - -
- 18 608 168 37 - 180 246
Calcium 513 510 539 515 492 499 496 490 - - 386 507 16
Magnesium 1,659 1,669 1,795 1,692 1,634 1,675 1,677 1,650 - - 1,361 1,681        49
Potassium 521 517 563 517 506 513 516 512 - - 417 521 18




















Alkalinity (mg/L as CaCO3) 150 151
Calcerous Knobs Plateau-1 Plateau-2 Multi-cuspate











Storr’s Lake Water Elemental Analysis (contd.) 
Water samples were collected between May 30 and June 3, 2013. Time: 10:00 to 16:00 (EST)  
 
Note:   (i) Plateau-1 and Plateau-2 indicate locations directly above two different plateau-mushroom type microbialites at        
                 different depths 
(ii) Dilution of the lake water caused silica, aluminum, iron, and manganese concentrations to fall below the detection         
      range of ICP-OES. Concentration of these elements would be expected to be < 10 ppm after dilution.
Conduit
Depth Shallow Shallow 50 cm 101 cm Shallow 64 cm 130 cm
7.73 8.27 8.37 8.35 8.13 8.35 7.85 8.22 0.20
-43.7 -80.7 -83.9 -79.2 -67.4 -79.5 -47.1 -72.97 13.86
24.8 24.5 - - 24.8 - - 24.7 0.2
3.7 55.3 59.4 59.9 57.0 58.7 62.0 58.7 2.3
- 123 148 144 121 127 145 135 12
- 166 - - - - 142 154 17
180             1,120      1,300         1,340      1,200      1,240      700            1,150      233
360             5,920      6,260         6,400      6,000      6,240      7,220         6,340      466
Calcium 99 640 679 687 653 685 788 689 52
Magnesium 90 1,920 2,057 2,030 1,943 2,026 2,224 2,033      108
Potassium 27 593 636 636 599 639 668 629 28




















SETTLING RATE OF PARTICLES IN STORR’S LAKE WATER 
The turbidity of Storr’s Lake water was measured at regular intervals under controlled, 
enclosed conditions. The water sample collected in 2012 was taken in a clean glass vial 
and then allowed to remain in a turbidometer for a six-month period at room temperature 
as turbidity values were measured. The first table below shows the analyses of standards. 
Analyses of Standards 
DIW 6.11 60.2 554 
NTU Std NTU Std NTU Std NTU Std 
n/a 5.96 59.3 551 
n/a 5.96 59.3 551 
n/a 5.96 59.3 551 
0.27 6.01 59.8 551 
0.26 5.96 59.5 549 
0.27 6.02 59.6 550 
0.25 5.99 59.6 551 
0.26 6.00 59.6 551 
0.26 5.98 59.6 551 
- 5.99 59.6 551 
- 5.97 59.5 551 
- 6 59.7 551 
- 6.07 59.7 550 
- 6.01 - - 
- 6.02 - - 
- 5.94 - - 
- 5.98 - - 
- 6.06 - - 
- 5.98 - - 
Average 5.99 59.5 551 
Std. Dev. 0.03 0.2 1 
Average % Accuracy -1.9 -1.1 -0.6 
Maximum % Accuracy -2.8 -1.5 -0.9 






Table showing turbidity measurements in controlled environment, comparing Storr’s Lake particle settling rates with smectite 
and illite clays mixed with 5% synthetic seawater.  
 
 
NTU NTU Storr's Lake (contd.)
Smectite 5% Sea Illite 5% Sea Time (hr.) NTU
0.01 459 0.01 434 0.0 121 147.3 87.9
0.06 254 0.06 338 0.05 121 172.0 86.8
0.36 164 0.35 260 0.1 114 199.1 85.8
0.66 102 0.68 204 0.3 114 230.3 83.8
0.88 76.9 0.86 183 0.3 110 270.0 78.8
1.36 53.0 1.36 142 0.6 110 316.0 73.7
1.90 37.3 1.90 104 1.1 109 364.0 70.0
2.50 25.7 2.50 74.7 3.2 105 412.0 65.9
3.36 17.2 3.36 51.8 6.1 102 541.3 48.5
4.55 10.7 4.55 31.4 9.1 101 640.3 45.0
5.38 8.35 5.38 20.7 17.5 98 748.0 39.6
6.36 5.15 6.36 15.3 25.0 95.6 897.5 36.4
11.40 2.68 11.40 7.81 31.9 95.4 993 31.1
12.58 2.38 12.58 6.97 43.6 94.4 1358 22.7
21.88 1.33 21.88 3.32 66.6 93.1 1742 18.5
25.38 1.16 25.38 2.48 77.1 92.5 2152 13.4
30.13 0.84 30.13 1.8 89.6 91.9 2524 11.7
54.61 0.57 54.61 0.7 99.3 91.3 2979 10.4
94.38 0.46 94.38 0.45 123.7 89.9 3689 8.8
4292 8.4
Elapsed 












FISH FOUND IN STORR’S LAKE ON JUNE 18th, 2012  







OPTICAL MICROSCOPY OF STORR’S LAKE WATER 
 
A) Representative community of Storr’s Lake water- seen are a mixture of bacteria, algae and other planktonic material; 
B) Dinoflagellate showing plates and ‘cingulum’;    C) Dinoflagellate;  
















STORR’S LAKE MICROBIALITE MORPHOLOGY AND ADDITIONAL 





COMPARISON BETWEEN PLATEAU-MUSHROOM AND CAULIFLOWER-
TOP MUSHROOM SHAPED MICROBIALITE 
 
The plateau-mushroom and cauliflower-top mushroom type were similar in their 
external morphological appearance. However, closer examination revealed changes as 
can be seen in the top and side view of both the microbialites (next page).  
Plateau-Mushroom: This type had a slightly varied morphology with the top crust having 
a branched, networked structure that was more brittle than in the mushroom type. It 
exhibited a highly compacted base with a prominent stalk (also highly cemented) 
attached to the lower segment, above which, the lithification resembles a cloud-like 
formation lacking any prominent, horizontally stratified layers. 
Cauliflower-top mushroom: The cauliflower-top had several bulging calcium carbonate 
knobs on the top surface, each resembling individual, smaller mounds. Continuous 
horizontal calcium carbonate laminations with intermittent branching or thrombolitic 
nodes were observed. The smaller, separate mounds began to appear on top of the 














Comparison between plateau-mushroom and cauliflower-top mushroom shaped 
microbialite (contd.) 
 
NOTE: The PVC pipe is marked in centimeters. The black line in the side view of the 





FUSED PLATEAU-MUSHROOM MICROBIALITE FOUND AT ~ 100 CM 





Top image shows the fused plateau-mushroom type microbialite. The two plateau types 
grew in proximity to each other, and appeared to have coalesced at a later stage during 
development 
Bottom image shows the slimy green microbial mat on the surface of the fused plateau 








X-RAY DIFFRACTION (XRD) RESULTS OF THE MICROBIALITES COLLECTED FROM STORR’S LAKE 
 
Homogenized microbialites collected from ~1 cm
3
 partitioned replicate sections from random positions within the 
microbialite head including the walls, nodes and compacted bottom layer.  These sections provided an overall average 









XRD RESULTS OF PINNACLE MOUND MICROBIALITE 
Sections (~2 cm
3
) were collected from different positions within the pinnacle 
mound (PM) microbialite. Specific positions are shown in Fig. 5 (Section IV). Pie-chart 
displays the percentage of aragonite (red) to Mg-calcite (blue), the values for which, are 







XRD RESULTS OF PLATEAU-MUSHROOM MICROBIALITE  
Similar to the pinnacle mound, ~2 cm
3
 regions at different positions within the 

















PM-1b 0.24 10.21 
PM-2b 0.25 10.29 
PM-3b 0.25 10.28 
PM-4b 0.25 10.19 
PM-5C 0.25 10.23 
PM-6S 0.25 10.26 
      
Plateau-top 0.25 10.25 
Plateau-middle 0.25 10.23 
Plateau-bottom 0.25 10.24 
Plateau-C 0.25 10.27 
Plateau-S 0.25 10.26 
Vein Calcite 0.25 10.25 
 






Si Fe Ca Mg K Na Mn Al Sr
PM-1b 11.7 2.7 8,057     856 8.0 22.8 <0.1 <0.1 5.4
PM-2b 13.6 2.1 8,480     802 6.1 29.0 <0.1 <0.1 9.2
PM-3b 21.9 3.5 8,310     407 7.1 36.5 <0.1 <0.1 22.5
PM-4b 42.7 8.1 7,800     844 9.6 30.7 <0.1 <0.1 11.3
PM-5C 2.8 1.1 8,440     880 6.8 27.5 <0.1 <0.1 5.8
PM-6S 5.3 1.5 8,670     840 7.7 30.4 <0.1 <0.1 6.4
Plateau-top 14.5 4.0 8,130     800 7.1 24.6 <0.1 <0.1 8.2
Plateau-middle 18.6 3.5 8,760     839 6.7 29.0 <0.1 <0.1 8.9
Plateau-bottom 7.6 2.8 8,680     787 6.8 30.8 <0.1 <0.1 15.8
Plateau-C 7.4 1.3 8,610     445 7.6 34.3 <0.1 <0.1 25.6
Plateau-S 3.7 1.4 9,100     511 6.9 37.1 <0.1 <0.1 19.0
Vein Calcite 0.8 0.5 10,400   2.3 1.0 1.5 14.7 <0.1 not analyzed

























Si Fe Ca Mg K Na Mn Al Sr (mM)
PM-1b 4.17E-04 4.88E-05 2.01E-01 3.52E-02 2.03E-04 9.94E-04 n/a n/a 0.06
PM-2b 4.84E-04 3.76E-05 2.12E-01 3.30E-02 1.56E-04 1.26E-03 n/a n/a 0.11
PM-3b 7.80E-04 6.27E-05 2.07E-01 1.67E-02 1.82E-04 1.59E-03 n/a n/a 0.26
PM-4b 1.52E-03 1.45E-04 1.95E-01 3.47E-02 2.46E-04 1.34E-03 n/a n/a 0.13
PM-5C 9.97E-05 1.97E-05 2.11E-01 3.62E-02 1.74E-04 1.20E-03 n/a n/a 0.07
PM-6S 1.89E-04 2.69E-05 2.16E-01 3.46E-02 1.97E-04 1.32E-03 n/a n/a 0.07
Plateau-top 5.16E-04 7.16E-05 2.03E-01 3.29E-02 1.82E-04 1.07E-03 n/a n/a 0.09
Plateau-middle 6.62E-04 6.27E-05 2.19E-01 3.45E-02 1.71E-04 1.26E-03 n/a n/a 0.10
Plateau-bottom 2.71E-04 5.01E-05 2.17E-01 3.24E-02 1.74E-04 1.34E-03 n/a n/a 0.18
Plateau-C 2.63E-04 2.33E-05 2.15E-01 1.83E-02 1.94E-04 1.49E-03 n/a n/a 0.29
Plateau-S 1.32E-04 2.51E-05 2.27E-01 2.10E-02 1.76E-04 1.61E-03 n/a n/a 0.22




















































CORRELATION BETWEEN ELEMENTS IN SOLID MICROBIALITE 
SAMPLES  
 
Sr (µM), Mg and Ca concentration (in molar units) obtained from ICP-OES 
analysis of dissolved solid microbialite samples (0.25g), and the percentage of aragonite 
and Mg-calcite determined from XRD, are compared to evaluate their correlation pattern. 
In the plots given below, an inverse trend was observed when % Mg-calcite and molar 
Mg/Ca ratio were compared with the Sr values, and when aragonite % was compared 










y = -0.0021x + 0.3006 
R² = 0.0928 
y = -0.0028x + 0.3563 































y = -1.7308x + 0.383 
R² = 0.768 
y = -2.0276x + 0.4391 





















y = -0.0471x + 13.91 
R² = 0.0289 
y = -0.0933x + 14.71 
































A. Calcium carbonate crystals in random growth directions in the plateau type 
microbialite. The images shows a possible empty mold that could have housed a coccoid 
bacteria 
B and C. Clustered, overgrowths of rhombohedral and triangular features (B) and 
elongated crystals (C) in the pinnacle mound microbialite, both made up of Mg-calcite 
D. A piece of a broken, spherical feature from the top surface of the plateau-mushroom 
microbialite. Clustered growth of calcium carbonate crystals seen with a distinct line 






ADDITIONAL SEM IMAGES 
 
E. A thin elongated cyanobacterial fragment encrusted with calcium carbonate in a 
background of triangular crystal overgrowths-plateau microbialite 
F. Spherical to pseudo-hexagonal openings in pinnacle mound microbialite suggesting 
two possible formations: i) remnants of a host of closely knit cyanobacterial filaments 
that became calcified overtime. ii) elongated, pseudo-hexagonal crystals that were formed 
parallel to each other. 
G and H. Calcified or loosely found EPS produced by microbial groups in the plateau-







SEM IMAGES OF STORR’S LAKE WATER 
 
 
I - L. Biological material found in Storr’s Lake water. The background in all these images 
is 0.45 µm cellulose acetate filter. These features most likely represent various forms of 
algae (I, K, L) and cyanobacteria (J). The water samples were filtered and rinsed with 
water to remove the salt, treated with glutaraldehyde and a graded ethanol series to 








ENERGY DISPERSIVE SPECTRAL (EDS) RESULTS FROM STORR’S LAKE 
MICROBIALITES  
 
Semi-quantitative results of the relative percentage elemental analysis obtained 
from the Storr’s Lake microbialite analysis by using the EDS tool of the SEM. Inset in 
each image shows the percentage distribution of various elements. 
A. EDS result of the crystals in the triangular crystals in SEM image B (this appendix)  
B. EDS result of the EPS material found in SEM image H (this appendix). Note high 
levels of nitrogen and carbon, likely indicating biological origin 
































PREPARATION OF ANAEROBIC MEDIA FOR ENRICHMENT CULTURE 
The individual media components (see below) were mixed together with 
deionized water. The medium was made anaerobic by boiling and cooling under an 
atmosphere of N2:CO2 (80:20) and subsequent placement in an anaerobic glove bag. The 
glove bag was maintained under a constant N2:H2 (90:10) atmosphere. The reduced 
medium was distributed in 30 mL serum bottles, capped with butyl rubber stoppers and 
aluminum crimps, and autoclaved. Resazurin reagent was used as an indicator of 
anaerobic conditions in the medium. An inoculum size of 10% final medium volume was 
















ENRICHMENT MEDIA COMPOSITION* 
 Component Amount (lit
-1
 of deionized water) 
NaCl 100.00 g 
MgSO4. 7H2O 10.00 g 
KCl 6.00 g 
CaCl2 
.
2H2O 0.40 g 
NH4Cl 1.00 g 
KH2PO4 0.50 g 
Yeast extract 0.20 g 





Note: Individual media components were weighed in a two-place balance 

















 of deionized 
water) 
Nitrilotriacetic acid 1.630 g 
MgSO4
.
 7H2O 3.000 g 
MnCl2
.
 4H2O 0.500 g 
FeSO4
.
 7H2O 0.100 g 
CaCl2 0.100 g 
CoCl2
.
 2H2O 0.100 g 
ZnCl2 0.130 g 
CuCl2
.
 2H2O 0.007 g 
AlK(SO4)2
.
12H2O 0.010 g 
H3BO3 0.010 g 
Na2MoO4 0.025 g 
NiSO4. 6H2O 0.030 g 
Na2WO4
.
 2H2O 0.025 g 
NaCl 1.000 g 
 













 of deionized 
water) 
NaCl 23.930 g 
Na2SO4 4.010 g 
KCl 0.680 g 
NaHCO3 0.200 g 
KBr 0.098 g 
H3BO3 0.026 g 
NaF 0.003 g 
MgCl2.6H2O 11.600 g 
CaCl2.2H2O 1.600 g 




2.000 g each (to increase sulfate 
concentration to 100 mM) 
 










CALCULATING ACCURACY AND PRECISION FOR DIFFERENT 
STANDARDS DURING REACTOR TESTING 
 
Accuracy and precision for the different parameters that were analyzed during the 
reactor testing are calculated here. The formulae used to calculate these two parameters 
are shown below.  
Average % Accuracy = ± [(KSV-Average value)/(Average value)*100] 
Maximum Error % = ± [(KSV-MDV)/(KSV)*100]  
KSV- Known Standard Value; MDV-Maximum Deviated Value (given in bold)  



















Accuracy and precision calculation (contd.)  
 
 
7.02 7.02 7.01 7.02
7.00 7.02 7.02 7.02
6.99 7.01 6.99 7.00
7.00 7.00 6.98 6.98
7.02 6.99 - -
7.00 7.00 - -
7.00 7.00 - -
6.99 6.99 - -
6.99 7.01 - -
7.02 7.02 - -
6.99 6.97 - -
6.98 6.99 - -
6.99 7.00 - -
6.99 7.00 - -
7.02 7.02 - -
6.99 7.02 - -
7.01 7.02 - -
6.99 7.02 - -
6.98 7.03 - -
7.02 7.03 - -
7.00 7.02 - -
7.01 7.02 - -
- 7.02 - -
- 7.01 - -
7.00 7.01 7.00 7.01
0.01 0.01 0.02 0.02
0.0 0.1 0.0 0.1
0.3 0.4 0.3 -0.3






























































Standard (mM) 0.78 3.13 12.5 0.78 3.13 12.5
Trial 1 0.82 3.03 12.7 0.84 3.19 12.3
Trial 2 0.83 3.01 12.2 0.75 3.12 12.5
Average 0.83 3.02 12.45 0.8 3.16 12.4
Std. Dev. 0.01 0.01 0.35 0.06 0.05 0.14
Average % Accuracy 5.8 -3.5 -0.4 1.9 1 -0.8
Maximum Error % 6.4 -3.8 -2.4 7.7 2.1 -1.6
Precision (% RSD) 0.9 0.5 2.8 8 1.6 1.1
Reactors






CALCULATING ACCURACY FOR DIFFERENT KNOWN STANDARDS 
DURING ICP-OES ANALYSIS 
 
Average % accuracy, maximum error % and precision values shown below were 
calculated from analysis of standards of known concentration (1.0 ppm and 10 ppm) 
during ICP-OES analysis of Ca and Mg.  
   
Elements Ca Mg Ca Mg
Trial 1 0.889 0.881 8.80 8.96
Trial 2 0.904 0.882 8.98 9.30
Trial 3 0.965 0.977 8.72 9.12
Trial 4 0.907 0.921 9.29 9.82
Trial 5 1.030 1.030 10.80 10.80
Trial 6 0.928 0.934 10.20 10.50
Trial 7 0.919 0.936 11.60 11.40
Trial 8 0.920 0.930 11.40 11.40
Trial 9 0.922 0.925 10.20 10.40
Trial 10 0.925 0.935 10.40 10.40
Trial 11 0.933 0.933 10.50 10.40
Trial 12 0.934 0.937 10.40 10.30
Trial 13 0.941 0.938 10.50 10.40
Trial 14 0.877 0.867 10.50 10.60
Trial 15 1.000 0.944 10.20 10.40
Trial 16 0.992 0.936 10.40 10.50
Trial 17 0.993 0.947 10.60 10.30
Trial 18 1.030 0.967 9.83 9.79
Trial 19 1.030 0.958 10.10 10.10
Trial 20 0.931 0.890 10.30 10.30
Trial 21 0.961 0.927 10.20 10.20
Trial 22 0.977 0.943 10.30 10.20
Trial 23 0.952 0.945 10.10 10.10
Trial 24 0.954 0.954 9.90 10.10
Trial 25 0.945 0.952 10.10 10.10
Trial 26 0.945 0.953 9.84 10.20
Trial 27 0.950 0.958 9.99 10.20
Trial 28 0.949 0.945 10.10 10.20
Trial 29 0.943 0.939 10.00 9.99
Trial 30 0.954 0.953 9.98 10.10
Trial 31 0.976 0.954 10.20 10.10
Average 0.951 0.938 10.14 10.22
Std. Dev. 0.039 0.030 0.61 0.51
Average % Accuracy 4.9 6.2 -1.4 -2.2
Maximum  Error % 12.3 13.3 -16.0 -14.0
Precision (RSD%) 4.1 3.2 6.0 5.0






CALCULATING ACCURACY FROM ICP-OES SPIKE ANALYSIS  
Note: 
1. Difference= Spiked sample value – Sample value 
2. % Accuracy = [(Spike concentration-Difference)/ Spike concentration * 100] 
 
 
1 ppm spike Ca Mg
Sample 7.98 16.30
Spiked sample 8.56 17.51
Difference 0.58 1.21
% Accuracy 42 -21
1 ppm spike Ca Mg
Sample 6.55 9.31
Spiked sample 7.29 10.47
Difference 0.74 1.16
% Accuracy 26 -16
LE sample with quartz sand (1,200 ppm CO2 test-Diluted 1:150)
1 ppm spike Ca Mg
Sample 5.94 7.29
Spiked sample 6.89 8.45
Difference 0.95 1.16
% Accuracy 5 -16
LE sample with quartz sand (400 ppm CO2 test-Diluted 1:160)
1 ppm spike Ca Mg
Sample 1.99 6.64
Spiked sample 3.12 7.86
Difference 1.13 1.22
% Accuracy -13 -22
Spike Analysis
Formate1-1,500 ppm CO2 test-Diluted 1:150






CALCULATING PRECISION FROM ICP-OES ANALYSIS 




First run 7.98 16.3
Duplicate 7.99 15.8
Average 7.99 16.1
Std. Dev. 0.01 0.35
% RSD 0.1 2.2
Ca Mg
First run 6.55 9.31
Duplicate 6.37 9.03
Average 6.46 9.17
Std. Dev. 0.13 0.20
% RSD 2.0 2.2
Ca Mg
First run 5.94 7.29
Duplicate 5.68 7.27
Average 5.81 7.28
Std. Dev. 0.18 0.01
% RSD 3.2 0.2
Ca Mg
First run 1.99 6.64
Duplicate 2.00 6.62
Average 2.00 6.63
Std. Dev. 0.01 0.01
% RSD 0.4 0.2
LE sample with quartz sand (1,200 ppm CO2 test-Diluted 1:150)
Formate1-1,500 ppm CO2 test-Diluted 1:150
Formate2-2,000 ppm CO2 test-Diluted 1:160






DATA FROM 400 PPM CO2 REACTORS 
Reactors containing either carbonate mudrock or quartz sand as base material, artificial seawater, and SRB enrichments 
developed from Lake Estancia and Great Salt Plains Lake were tested at 400 ppm CO2 headspace concentration. The observed 
changes in pH, Eh and calcium concentration analyzed in the overlying seawater of a single set of reactor, measured over 43 
days are shown below. 
 
Lake Estancia 
pH 1 3 5 7 9 13 16 19 22 27 31 36 43
Carbonate Mudrock 7.86 7.59 7.44 7.37 7.48 7.53 7.36 7.27 7.30 7.22 7.23 7.34 7.73
Quartz Sand 7.99 7.79 7.80 7.96 7.98 7.93 7.54 7.47 7.43 7.54 7.54 7.61 7.72
Control 7.97 7.89 7.79 7.82 7.84 7.83 7.79 7.78 7.77 7.85 7.79 7.83 7.84
Eh (mV) 1 3 5 7 9 13 16 19 22 27 31 36 43
Carbonate Mudrock 31.3 -20.7 -13.1 -5.3 -8.2 -12.0 -5.9 -2.5 -4.4 4.6 -0.1 -8.4 -22.6
Quartz Sand -39.4 -33.9 -34.8 -39.9 -38.2 -35.7 -16.1 -13.8 -11.9 -14.8 -18.6 -21.7 -24.3
Control -37.9 -38.5 -33.6 -31.4 -29.5 -29.6 -31.1 -32.7 -31.3 -32.7 -32.1 -34.6 -31.5
Calcium (ppm) 1 7 15 22 31 43
Carbonate Mudrock 1,313         1,243         1,242         1,127         920            909            
Quartz Sand 1,480         1,379         1,279         1,106         1,046         1,003         
Control 1,275         1,290         1,350         1,292         1,376         1,285         
Magnesium (ppm) 1              7              15            22            31            43            
Carbonate Mudrock 1,940         1,810         1,796         1,810         1,785         1,796         
Quartz Sand 2,368         2,080         2,320         2,176         2,224         2,256         









Data from 400 ppm CO2 reactors (contd.) 
 
 
Great Salt Plains Lake
pH 1 3 5 7 9 13 16 19 22 27 31 36 43
Carbonate Mudrock 7.91 7.95 7.79 7.52 7.51 7.59 7.44 7.44 7.44 7.63 7.70 7.89 7.96
Quartz Sand 7.92 7.77 7.75 7.70 7.58 7.66 7.67 7.64 7.69 7.86 7.91 8.12 8.22
Control 7.97 7.89 7.79 7.82 7.84 7.83 7.79 7.78 7.77 7.85 7.79 7.83 7.84
Eh (mV) 1 3 5 7 9 13 16 19 22 27 31 36 43
Carbonate Mudrock -34.9 -41.8 -33.7 -13.7 -9.7 -15.5 -10.6 -12.6 -12.6 -18.8 -26.5 -37.4 -38.1
Quartz Sand -34.6 -31.3 -31.8 -24.7 -10.0 -19.6 -23.8 -23.6 -26.7 -33.0 -38.9 -50.9 -53.3
Control -37.9 -38.5 -33.6 -31.4 -29.5 -29.6 -31.1 -32.7 -31.3 -32.7 -32.1 -34.6 -31.5
Calcium (ppm) 1 7 15 22 31 43
Carbonate Mudrock 1,145         1,130         1,050         1,010         1,088         1,101         
Quartz Sand 1,083         1,199         1,124         1,139         1,160         1,154         
Control 1,275         1,290         1,350         1,292         1,376         1,285         
Magnesium (ppm) 1 7 15 22 31 43
Carbonate Mudrock 2,787         2,700         2,817         2,429         2,672         2,817         
Quartz Sand 2,787         2,817         2,644         2,507         2,729         2,787         









RESULTS FROM 1,200 PPM CO2 REACTORS 
The data from the continuous reactors with SRB enrichment cultures developed 
from LE and GSP exposed to 1,200 ppm CO2 are provided. A blank reactor was run with 




































1,200 ppm CO2 reactor results (contd.) 
Control reactors containing quartz sand and artificial seawater, but with no 
bacterial inoculation were tested at 1,200 ppm CO2 headspace concentration. The 
observed changes in pH, Eh, calcium and magnesium concentration analyzed in the 
overlying seawater measured over 31 days are shown below as average and standard 
deviation of duplicate or triplicate trials. 
   
1 3 5 7 9 13 15 19 22 26 31
6.11 6.245 6.28 6.36 6.355 6.35 6.355 6.37 6.365 6.36 6.36
6.14 6.275 6.31 6.39 6.44 6.38 6.385 6.49 6.395 6.39 6.25
6.09 6.19 6.31 6.34 6.335 6.31 6.335 6.35 6.333 6.34 6.34
Average 6.11 6.245 6.28 6.36 6.355 6.35 6.355 6.37 6.365 6.36 6.36
Std. Dev. 0.03 0.04 0.02 0.03 0.06 0.04 0.03 0.08 0.03 0.03 0.06
1 3 5 7 9 13 15 19 22 26 31
71.2 69.5 73.4 67.5 73.0 74.8 67.7 69.2 72.0 69.6 66.5
77.1 74.6 77.5 71.7 80.4 77.5 72.0 74.6 75.8 73.5 70.1
65.3 64.4 69.3 63.3 65.6 72.1 63.4 63.8 68.2 65.7 62.9
Average 71.2 69.5 73.4 67.5 73 74.8 67.7 69.2 72 69.6 66.5
Std. Dev. 5.92 5.10 4.07 4.24 7.36 2.71 4.30 5.38 3.77 3.85 3.60
1 7 15 22 31
1284 1260 1291 1339 1255
1346 1355 1342 1387 1296
1408 1450 1393 1435 1337
Average 1346 1355 1342 1387 1296
Std. Dev. 62 95 51 48 41
1 7 15 22 31
2,644      2,095      2,482      2,535      2,209      
2,051      1,885      2,209      2,095      2,008      
2,008      2,209      1,905      2,029      2,186      
Average 2,235      2,063      2,198      2,220      2,134      











1,200 ppm CO2 reactor results (contd.) 
Lake Estancia (LE) reactors containing either carbonate mudrock or quartz sand as 
base material, artificial seawater, and SRB enrichments developed from LE were tested at 
1,200 ppm CO2 headspace concentration. The observed changes in pH, Eh, calcium and 
magnesium concentration are shown below as average and standard deviation of 
duplicate or triplicate trials. 
 
pH 1 3 5 7 9 13 15 19 22 26 31
6.56 6.59 6.71 6.83 6.81 6.82 6.90 6.81 6.92 6.84 6.81
6.34 6.42 6.62 6.78 6.62 6.76 6.80 6.78 6.86 6.79 6.80
Average 6.45 6.51 6.67 6.81 6.72 6.83 6.78 6.87 6.85 6.92 6.84
Std. Dev. 0.16 0.12 0.06 0.04 0.13 0.04 0.07 0.02 0.04 0.04 0.01
6.61 6.62 6.72 6.90 6.86 6.88 7.02 6.91 7.00 6.95 6.99
6.28 6.33 6.44 6.65 6.67 6.74 6.88 6.79 6.90 6.81 6.80
6.21 6.24 6.36 6.57 6.60 6.71 6.86 6.77 6.91 6.81 6.79
Average 6.37 6.40 6.51 6.71 6.71 6.82 6.85 6.89 6.90 6.96 6.89
Std. Dev. 0.21 0.20 0.19 0.17 0.13 0.09 0.09 0.08 0.06 0.08 0.11
Eh (mV) 1 3 5 7 9 13 15 19 22 26 31
36.0 35.9 31.5 24.1 25.6 28.6 23.1 32.9 32.4 32.5 28.9
49.2 44.5 36.2 27.3 36.4 31.9 33.6 35.6 36.6 35.3 30.2
Average 42.6 40.2 33.9 25.7 31.0 30.3 28.4 34.3 34.5 33.9 29.6
Std. Dev. 9.3 6.1 3.3 2.3 7.6 2.3 7.4 1.9 3.0 2.0 0.9
33.8 34.5 29.6 21.9 22.4 24.5 16.6 27.1 26.9 26.1 18.4
52.3 51.2 46.4 34.6 33.4 33.2 25.0 34.6 35.0 34.1 29.6
56.2 56.0 51.0 38.9 37.3 34.9 25.2 35.3 33.3 33.9 30.1
Average 47.4 47.2 42.3 31.8 31.0 30.9 22.3 32.3 31.7 31.4 26.0
Std. Dev. 12.0 11.3 11.3 8.8 7.7 5.6 4.9 4.5 4.3 4.6 6.6
Calcium (ppm) 1 7 15 22 31
1,126      1,009      957         950         967         
1,174      1,085      1,055      1,022      1,011      
Average 1,150      1,047      1,006      986         989         
Std. Dev. 24           38           49           36           22           
1,264      1,190      1,107      1,014      1,029      
1,295      1,230      1,164      1,059      1,054      
1,233      1,150      1,050      969         1,004      
Average 1,264      1,190      1,107      1,014      1,029      
Std. Dev. 31           40           57           45           25           
Magnesium (ppm) 1 7 15 22 31
2,658      2,550      2,355      2,460      2,445      
2,535      2,430      2,640      2,580      2,565      
Average 2,597      2,490      2,498      2,520      2,505      
Std. Dev. 87           85           202         85           85           
2,210      2,180      2,270      2,100      2,080      
2,370      2,250      2,120      2,010      2,130      
2,200      2,130      2,210      2,240      2,160      
Average 2,260      2,187      2,200      2,117      2,123      



















1,200 ppm CO2 reactor results (contd.) 
Great Salt Plains Lake (GSP) reactors containing either carbonate mudrock or quartz 
sand as base material, artificial seawater, and SRB enrichments developed from GSP, 
were tested at 1,200 ppm CO2 headspace concentration. Changes in pH, Eh, calcium and 
magnesium concentration analyzed in the overlying seawater, measured over 31 days are 
shown below as average and standard deviation of duplicate or triplicate trials.  
 
pH 1 3 5 7 9 13 15 19 22 26 31
6.30 6.42 6.51 6.66 6.65 6.70 6.83 6.72 6.88 6.77 6.75
6.24 6.37 6.48 6.66 6.66 6.70 6.82 6.70 6.82 6.74 6.75
Average 6.27 6.40 6.50 6.66 6.66 6.74 6.76 6.78 6.81 6.86 6.78
Std. Dev. 0.04 0.04 0.02 0.00 0.01 0.00 0.01 0.01 0.04 0.02 0.00
6.12 6.14 6.25 6.42 6.46 6.57 6.76 6.64 6.77 6.67 6.69
6.13 6.14 6.23 6.42 6.45 6.59 6.80 6.67 6.80 6.73 6.81
6.09 6.12 6.23 6.42 6.46 6.37 6.76 6.65 6.78 6.70 6.80
Average 6.11 6.13 6.24 6.42 6.46 6.55 6.70 6.72 6.74 6.80 6.80
Std. Dev. 0.02 0.01 0.01 0.00 0.01 0.12 0.02 0.02 0.02 0.03 0.07
Eh (mV) 1 3 5 7 9 13 15 19 22 26 31
51.4 46.7 42.1 34.0 34.0 35.0 27.8 38.0 37.5 37.5 32.7
54.9 49.0 43.5 33.9 33.6 35.2 28.2 39.2 38.9 38.3 31.1
Average 53.2 47.9 42.8 34.0 33.8 35.1 28.0 38.6 38.2 37.9 31.9
Std. Dev. 2.5 1.6 1.0 0.1 0.3 0.5 0.1 0.3 0.8 1.0 0.6
61.5 62.2 57.5 46.7 45.6 42.7 31.7 42.6 41.2 42.4 36.5
59.9 61.7 57.7 47.6 45.6 41.3 29.4 40.9 39.6 38.4 29.0
62.9 63.3 58.0 47.7 45.7 42.4 31.4 42.3 40.0 40.5 29.7
Average 61.4 62.4 57.7 47.3 45.6 42.1 30.8 41.9 40.3 40.4 31.7
Std. Dev. 1.5 0.8 0.3 0.6 0.1 0.7 1.3 0.9 0.8 2.0 4.1
Calcium (ppm) 1 7 15 22 31
1,196      1,343      1,218      1,204      1,143      
1,098      1,219      1,070      1,128      1,033      
Average 1,147      1,281      1,144      1,166      1,088      
Std. Dev. 49           62           74           38           55           
1,181      1,294      1,063      1,268      1,122      
1,192      1,326      1,112      1,296      1,169      
1,170      1,262      1,014      1,240      1,075      
Average 1,181      1,294      1,063      1,268      1,122      
Std. Dev. 11           32           49           28           47           
Magnesium (ppm) 1 7 15 22 31
2,658      2,490      2,355      2,530      2,445      
2,535      2,430      2,640      2,580      2,565      
Average 2,597      2,460      2,498      2,555      2,505      
Std. Dev. 87           42           202         35           85           
2,180      2,150      2,310      2,140      2,122      
2,340      2,290      2,162      1,980      2,170      
2,170      2,100      2,250      2,285      2,200      
Average 2,230      2,180      2,241      2,135      2,164      



















RESULTS FROM 1,500 PPM CO2 REACTORS 
 
Observed changes in pH, Eh (mV), sulfide (mM) and calcium (ppm) 
concentration from Day 1 to day 10 in batch reactors run at 1,500 ppm headspace CO2 
concentration, with artificial seawater, SRB enrichments developed from LE, lactate 
(electron donor), and carbonate mudrock/ quartz sand as base material.  ‘Control’ reactors 
had only the artificial seawater and quart sand, but no bacteria; ‘Blank’ reactors contained 
only artificial seawater; and  ‘Killed Control’ had bacteria, quartz sand and bacteria, but 
were autoclaved at 121°C after addition of all these components. Average and standard 






1,500 ppm CO2 reactor results (contd.) 
 
Days 1 10 1 10 1 10 1 10 1 10
6.78 6.88 36.9 36.1 538 530 1,308      1,322      1.2 2.0
6.92 6.90 36.7 37.2 565 592 1,279      1,243      1.6 2.1
7.03 6.92 36.8 38.4 546 610 1,285      1,279      1.9 2.9
Average 6.91 6.90 36.8 37.2 549 578 1,291      1,281      1.5 2.3
Std. Dev. 0.12 0.02 0.1 1.2 13 42 15 40 0.5 0.7
6.95 6.87 34.0 33.9 798 795 1,320      1,238      2.2 1.7
6.77 6.92 34.6 32.9 783 818 1,329      1,396      1.6 1.3
6.86 6.97 33.4 33.4 813 772 1,324      1,356      1.1 0.9
Average 6.86 6.92 34.0 33.4 798 795 1,324      1,330      1.6 1.3
Std. Dev. 0.09 0.05 0.6 0.5 15 23 5 82 0.6 0.4
6.90 6.69 31.6 32.5 688 658 1,329      1,280      4.6 5.6
6.77 6.77 30.2 30.5 622 629 1,316      1,238      5.6 5.3
6.64 6.61 30.9 31.5 655 600 1,320      1,325      5.1 5.9
Average 6.77 6.69 30.9 31.5 655 629 1,322      1,281      5.1 5.6
Std. Dev. 0.13 0.08 0.7 1.0 33 29 7 44 0.5 0.3
6.96 7.01 32.9 27.2 534 509 1,233      1,276      4.2 46.9
6.88 7.11 31.8 25.7 513 468 1,245      1,201      5.3 48.1
7.12 7.05 30.7 28.3 501 451 1,248      1,233      6.4 53.5
Average 6.99 7.06 31.8 27.2 516 476 1,242      1,237      5.3 49.5
Std. Dev. 0.12 0.05 1.1 1.2 17 30 8 38 1.1 3.5
6.23 6.48 36.1 29.5 713 502 1,293      1,338      6.8 52.9
6.34 6.32 34.9 30.2 682 582 1,277      1,296      8.2 57.2
6.12 6.40 35.5 28.8 651 542 1,320      1,421      5.4 48.6
Average 6.23 6.40 35.5 29.5 682 542 1,297      1,352      6.8 52.9
Std. Dev. 0.11 0.08 0.6 0.7 31 40 22 63 1.4 4.3

















RESULTS FROM 2,000 PPM CO2 REACTORS 
 
Observed changes in pH, Eh (mV), sulfide (mM) and calcium (ppm) concentration from Day 1 to day 10 in batch 
reactors run at 2,000 ppm headspace CO2 concentration, with artificial seawater, SRB enrichments developed from LE, lactate 
(electron donor), and carbonate mudrock/ quartz sand as base material.  ‘Control’ reactors had only the artificial seawater and 
quart sand, but no bacteria. Average and standard deviation from triplicate measurements are shown. 
 
Days 1 10 1 10 1 10 1 10 1 10
5.26 5.23 117.3 116.1 715 731 1,840      1,864      2.9 1.7
5.16 5.27 117.0 120.2 712 723 1,740      1,796      2.1 2.7
5.21 5.19 123.2 119.2 713 739 1,776      1,796      2.5 2.2
Average 5.21 5.23 117.2 117.5 713 731 1,785      1,819      2.5 2.2
Std. Dev. 0.05 0.04 3.0 2.6 1 8 51 39 0.4 0.5
5.44 5.59 100.0 106.9 594 648 1,799      1,796      4.8 11.5
5.45 5.52 100.1 102.9 559 572 1,856      1,932      4.5 13.0
5.46 5.45 100.0 98.9 629 610 1,732      1,776      4.5 10.0
Average 5.45 5.52 100.2 102.7 594 610 1,796      1,835      4.5 11.5
Std. Dev. 0.01 0.07 0.1 4.0 35 38 62 85 0.2 1.5
6.14 6.24 90.9 96.4 708 624 1,740      1,616      6.7 11.8
6.21 6.32 90.9 95.8 656 642 1,700      1,856      4.9 14.2
6.17 6.17 91.2 96.0 682 660 1,776      1,799      5.8 16.6
Average 6.17 6.24 91.0 96.1 682 642 1,739      1,757      5.8 14.2




















Initial Final Initial Final Initial Final Initial Final Initial Final
6.78 6.88 36.8 36.2 538 530 1,308       1,322          1.2 2.0
6.92 6.90 36.9 38.2 565 592 1,279       1,243          1.6 2.1
7.03 6.92 36.7 37.5 546 610 1,285       1,279          1.9 2.9
Average (± SD) 6.91 (±0.12) 6.90 (±0.02) 36.8 (±0.1) 37.2 (±1.1) 549 (±13) 578 (±42) 1,291 (±15) 1,281 (±40) 1.6 (±0.4) 2.3 (±0.5)
6.88 7.10 28.1 25.0 798 759 1,378       1,322          4.5 46.7
7.08 7.12 27.9 25.7 787 728 1,296       1,303          4.4 46.8
7.13 7.23 34.9 26.4 809 767 1,320       1,344          4.6 47.2
Average (± SD) 7.03 (±0.13) 7.15 (±0.06) 30.3 (±3.9) 25.7 (±0.7) 798 (±11) 751 (±21) 1,331 (±42) 1,323 (±21) 4.5 (±0.1) 46.9 (±0.3)
6.96 7.01 32.9 27.2 534 509 1,233       1,276          4.2 46.9
6.88 7.11 31.8 25.7 513 468 1,245       1,201          5.3 48.1
7.12 7.05 30.7 28.3 501 451 1,248       1,233          6.4 53.5
Average (± SD) 6.99 (±0.12) 7.06 (±0.05) 31.8 (±1.1) 27.2 (±1.2) 516 (±17) 476 (±30) 1,242 (±8) 1,237 (±38) 5.3 (±1.1) 49.5 (±3.5)
6.83 6.83 41.9 40.1 882 868 1,390       1,322          2.9 39.4
6.82 6.76 32.5 33.3 932 935 1,378       1,386          3.0 38.2
7.01 6.69 38.7 37.1 869 801 1,356       1,378          2.8 39.0
Average (± SD) 6.84 (±0.10) 6.76 (±0.07) 37.7 (±4.8) 36.9 (±3.1) 894 (±33) 868 (±67) 1,375 (±17) 1,362 (±35) 2.9 (±0.1) 38.9 (±0.6)
6.76 6.88 34.4 32.3 766 610 1,338       1,308          4.0 57.0
6.88 6.91 39.1 36.5 720 563 1,243       1,236          4.1 56.8
6.65 6.89 44.7 39.0 715 519 1,286       1,296          4.2 56.4














MAGNESIUM CONCENTRATION IN CONTINUOUS REACTORS 
Magnesium concentration was measured in the overlying water column in 
reactors that were exposed to 400 and 1,200 ppm CO2. The results obtained for both LE 
and GSP reactors supplied with either carbonate mudrock and quartz sand substrates are 
shown below. Only a single set of reactors were tested with 400 ppm, while triplicate of 
each reactor set was exposed to 1,200 ppm CO2 headspace concentration. Error bars in 











MAGNESIUM CONCENTRATION IN BATCH REACTORS 
 Batch reactors in triplicates were exposed to either 1,500 or 2,000 ppm CO2 
headspace concentration.  
Note: 
1. At 1,500 ppm, ‘Control’ reactors had only the artificial seawater and quartz sand 
grains, but no bacteria; ‘Blank’ reactors contained only artificial seawater; and  ‘Killed 
Control’ had bacteria, quartz sand and bacteria, but were autoclaved at 121°C after 
addition of all these components. 
2. Different electron donors (lactate, acetate, formate and hydrgoen) were also tested at 
1,500 ppm.  
Given below are the plots for magnesium analysis in the water column with the white 
bars showing day one results and the shaded bar showing values from day 10. Error bars 






















SULFATE-REDUCING BACTERIAL ENRICHMENT CULTURE 
 
 
                                           
 
Comparison of successfully enriched sulfate-reducing bacterial culture (right) and the 
control with no bacterial inoculation (left). Notice the reduced black precipitates in the 







STORR’S LAKE ENRICHMENT EXPERIMENTS 
Microbial mat samples from SL were cultured in a medium (Kjeldsen et al. 2007), 
to enrich for bacteria capable of performing sulfate reduction.  All of the five different 
microbial mat samples (calcerous knobs, plateau-mushroom, pinnacle mound, 
cauliflower-top mushroom and cheesecake mat) collected from SL were also used for the 
enrichment of SRB.  The final pH of the medium before addition of the sediments was 
7.3.  
Storr’s Lake enrichment cultures did not grow well in the provided medium, 
likely due to lack of optimal medium components required for growth by sulfate reducers 
from this environment.  For example, the final pH of the media that was used to enrich 
SRB was 7.3, whereas the average pH of SL water was ~8.2 (± 0.4). However, previous 
work has reported pure strains of SRB isolated from lithifying mats in Highborne Cays, 
The Bahamas (Baumgartner et al., 2006; Braissant et al., 2007). Thus, media optimization 
is required for cultivating SRB from SL microbial mats. Cultures set up from SL were not 







 CARBONATE MINERAL PHASES OBSERVED THROUGH SEM 
 
Carbonate minerals precipitated in the 400, 1,200 and 1,500 ppm CO2 reactors 
produced a variety of morphological features. In addition to the images shown in Fig. 8, 
section III, below are some of the SEM images and the results of some of the EDS 
analysis of the carbonate mineral phases. 
A.  A mixed morphology of carbonate minerals (dumbbell, rhombohedral) precipitated as 
a clump on the surface of a quartz grain  
B. Dumbbell, rhombohedral and flakey carbonate minerals  
C. Carbonate mineral precipitates on the surface of a quartz grain. Pitted structures on the 
surface of the quartz sand is observed (black arrow) 
D. Flaky to rhombohedral carbonate material precipitated on the surface of quartz sand in 
the reactors exposed to 1,500 ppm CO2. 
E. EDS analysis of the dumbbell shaped carbonate crystals on image B. Note: Mg atomic 
% is 1.68 % 
F. Result of EDS analysis of the carbonate minerals in image D. Note: No Mg is 
















Additional EDS results obtained from analysis of six different carbonate minerals precipitated in the 400, 1,200 and 
1,500 ppm reactors. The Mg content in the minerals varied from 0.86 % to 3.47%. Presence of phosphorus and sulfur in a few 
images are also observed. The latter is most likely indicative of reduced sulfides formed due to SRB activity, while the former 









































PRIMER AND BARCODE SEQUENCES USED FOR GENERATING 16S rRNA GENE LIBRARY 
 
MID# indicate the sample name that was assigned a unique barcode. Note:- Plateau: plateau-mushroom type; Mushroom: 






MID # Standard Adaptor A Sequence Key Barcode 16S rDNA position 27 For. Primer
Calcerous Knobs CCATCTCATCCCTGCGTGTCTCCGAC TCAG ATATCGCGAG  AGRGTTTGATCMTGGCTCAG
Cheesecake CCATCTCATCCCTGCGTGTCTCCGAC TCAG TCTCTATGCG AGRGTTTGATCMTGGCTCAG
Plateau CCATCTCATCCCTGCGTGTCTCCGAC TCAG TAGTGTAGAT  AGRGTTTGATCMTGGCTCAG
Pinnacle Mound CCATCTCATCCCTGCGTGTCTCCGAC TCAG TCGCACTAGT AGRGTTTGATCMTGGCTCAG
Mushroom CCATCTCATCCCTGCGTGTCTCCGAC TCAG TCTAGCGACT AGRGTTTGATCMTGGCTCAG
Sediments CCATCTCATCCCTGCGTGTCTCCGAC TCAG ACTAGCAGTA AGRGTTTGATCMTGGCTCAG
Enrichments CCATCTCATCCCTGCGTGTCTCCGAC TCAG ACGCGATCGA AGRGTTTGATCMTGGCTCAG
Great Salt Plains Sediments CCATCTCATCCCTGCGTGTCTCCGAC TCAG TACGCTGTCT AGRGTTTGATCMTGGCTCAG
Standard Adaptor B Sequence Key MID 16S rDNA position 518 Rev. Primer (Reverse Comp.)










PERCENTAGE COVERAGE OF IMPORTANT MEMBERS IN THE STORR’S 




NOTE: Only those taxa that are represented by >1% in any one of the five microbial mats 
are shown. * o: order, c: class, f: family. Plateau: plateau-mushroom type; Mushroom 
stromatolite: cauliflower top mushroom type
Bacterial Phyla/class









Unclassified 3.62 2.14 0.02 0.23 1.02
o__Bacteroidales 1.08 2.11 0.24 0.34 1.04
Caldithrix o__Caldithrixales 2.76 0.99 0.16 1.15 1.15
Unclassified 0.27 0.57 1.54 1.14 0.33
c__Anaerolineae 2.53 1.05 1.11 2.19 2.66
o__GN14 0.10 0.06 1.41 0.23 0.02
o__O4D2Z37 1.39 0.71 0.19 0.41 0.45
o__OPB11 2.38 4.03 1.81 8.61 8.61
o__S0208 2.72 0.97 0.00 0.10 1.56
o__SB-34 2.36 0.15 0.26 1.65 0.11
c__Dehalococcoidetes 0.24 2.19 6.08 4.02 0.83
f__Dehalococcoidaceae 0.96 5.45 23.93 20.71 1.46
o__NT-B4 0.35 3.46 9.30 6.35 0.92
Cyanobacteria Total 3.17 0.38 0.10 0.04 0.01
c__Phycisphaerae 4.05 4.17 3.11 1.32 6.75
o__Pirellulales 1.04 0.33 0.39 1.04 0.19
f__Rhodobacteraceae 1.14 1.04 0.00 0.10 0.03
f__Rhodospirillaceae 1.09 0.83 0.00 0.02 0.02
c__Deltaproteobacteria 2.56 2.06 1.53 1.57 3.02
f__Desulfobacteraceae 15.55 10.29 2.70 3.83 11.38
Gammaproteobacteria f__Chromatiaceae 1.09 0.10 0.00 0.00 0.01
f__Vibrionaceae 4.00 0.00 0.00 0.00 0.00
Unclassified 1.63 0.77 0.23 0.92 1.27
f__Spirochaetaceae 7.36 4.05 0.69 2.53 3.89
c__SHA-114 0.46 0.29 0.67 1.60 0.22
c__BD4-9 0.02 0.41 0.60 0.15 1.42
o__HMMVPog-54 0.90 0.48 10.69 7.62 0.22

























CARBON ISOTOPE ANALYSIS 
Stable carbon isotope analyses were performed to tracking the source of carbon 
for the carbonate minerals: to monitor if the carbon is derived from the organic material, 
or the CO2 gas phase. Precipitated carbonate minerals sampled from the reactors were 
analyzed for their stable isotope data by two methods, 1) an elemental analyzer, or 2) a 
mass spectrometer with an on-line automated carbonate reaction Kiel III device. The 
weight (in mg) of each sample was noted before analysis. Data obtained from the isotope 
analyses are expressed as per mil (‰) deviations on the VPDB standard.  Acetanilide and 
National Bureau of Standards-19 (NBS-19) were used as standards. 
The δ13C values were calculated according to the formula given below: 




C VPDB standard)   x 1,000 ……………………...……..(1) 




C VPDB standard)                          1 
Percentage carbon in the carbonate minerals were calculated by using the formula 







STANDARD δ13C VALUES AS DETERMINED BY ELEMENTAL ANALYZER  
 
The table below represents the collective data from analysis of the standard, 
acetanilide by using the elemental analyzer. The expected δ13C value for acetanilide is -
33.50 ‰. The weight (in mg) and the δ13C values are shown. 
Standard-Acetanilide Weight (mg) δ13C ‰ 
Trial 1 0.953 -33.12 
Trial 2 0.957 -33.15 
Trial 3 0.844 -33.15 
Trial 4 0.633 -33.27 
Trial 5 1.092 -33.02 
Trial 6 0.528 -33.13 
Trial 7 0.319 -33.14 
Trial 8 1.132 -33.04 
Trial 9 0.916 -33.08 
Trial 10 0.719 -33.14 
Trial 11 0.672 -33.20 
Trial 12 0.827 -33.20 
Trial 13 0.777 -33.13 
Trial 14 0.815 -33.09 
Trial 15 1.015 -33.12 
Trial 16 0.666 -33.25 
Trial 17 0.910 -33.12 
Trial 18 1.179 -33.18 
Trial 19 1.385 -33.16 





δ13C AND %C AS CARBONATES AS DETERMINED BY ELEMENTAL 
ANALYZER  
Data obtained from the analysis of various possible carbonate sources supplied in 
the seawater (NaHCO3, sodium acetate and sodium formate). Sodium lactate was not 
analyzed because it was available only in a liquid form. Results from analysis of 
carbonate mudrock, and the precipitated carbonate minerals with various electron donors 









NaHCO3 0.268 -6.28 - 
NaHCO3-Repeat 3.221 -5.76 - 
Sodium acetate trihydrate 2.923 -24.7 - 
Sodium acetate trihydrate -Repeat 2.427 -24.5 - 
Sodium formate 4.664 -32.6 - 
Sodium formate-Repeat 4.235 -32.5 - 
Carbonate Mudrock 0.456 -0.75 - 
Sediments from formate reactors- Sample 1 0.413 53,806 60.3 
Sediments from formate reactors- Sample 2 1.022 50,806 57.0 
Sediments from formate reactors- Sample 3* 10.204 42,075 47.4 
Sediments from hydrogen reactors- Sample 1 0.296 56,077 62.8 
Sediments from hydrogen reactors- Sample 1-
Repeat 0.566 53,289 59.7 
Sediments from hydrogen reactors- Sample 2 0.634 26,527 30.3 
Sediments from hydrogen reactors- Sample 3 0.322 62,409 69.7 
Sediments from hydrogen reactors- Sample 3- 
Repeat* 25.606 48,708 54.7 
Sediments from lactate reactors- Sample 1 0.318 59,451 66.5 
Sediments from lactate reactors- Sample 1- 
Repeat 0.604 53,281 59.7 
Sediments from lactate reactors- Sample 2 0.685 39,771 44.8 
Sediments from lactate reactors- Sample 3* 17.891 29,216 33.2 
Sediments from lactate reactors- Sample 3-
Repeat* 16.871 29,499 33.5 
 
* both quartz grains and carbonates were included as part of the sample material analyzed 
Ŧ 





RESULTS OBTAINED THROUGH KIEL DEVICE 
 
 Collective data of the stable isotope analysis of carbonate mineral samples and the 
control reactors. Control and acetate-fed reactors did not produce any carbonate minerals. 
Analyses of the standard, NBS-19 (expected δ13C value=1.95 ‰) are also given. 
SAMPLES 





Sample 1 1.0 to 3.0 -173 0.00 
No carbonate minerals were 
produced. δ13C data 
displayed were due to 
instrumental background 
Control-
Sample 2 1.0 to 3.0 -3.7386 0.00 
Acetate-














 1.0 to 3.0 4,138 2.03 




 1.0 to 3.0 4,350 1.97 
 STANDARDS 
 NBS-19 7 grains 1.81 3.17 - 
NBS-19 7 grains 1.81 2.91 - 
NBS-19 6 grains 1.75 2.73 - 
NBS-19 8 grains 1.73 4.60 - 
NBS-19 5 grains 1.74 2.41 - 
NBS-19 6 grains 1.71 2.63 - 
NBS-19 8 grains 1.74 3.60 - 
NBS-19 7 grains 1.74 2.54 - 
 
a
 Samples were also run in the elemental analyzer 
b
 The δ13C values obtained from these samples had a large amount of mass 45 (13CO2). 
Hence, the δ13C numbers do not reflect the actual values. For this reason, the values 
obtained through elemental analyzer were used in the results and discussion (Section III) 
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